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STERIC HINDRANCE IN AROMATIC SUBSTITUTION

Reported by M. L. Farmer September 25, 196l

INTRODUCTION
In this review we wish to discuss the quantitative aspects of steric

effects in electrophilic aromatic substitution and to consider a few con-
ceptions related to the mechanism of electrophilic aromatic substitution in
which steric hindrance plays an important role. The now generally accepted
pathway is a two-step mechanism proceeding via a quasi-stationary inter-
mediate. The carbon atom at which substitution occurs acquires sp3 hybrid!'
zation allowing the proton and the entering group to be bound by ordinary
<j bonds, while the ir electron cloud of the aromatic nucleus is disrupted
and the four remaining electrons are distributed over the five remaining
carbon atoms.

^^ ki f, H k2 TT+

STERIC HINDRANCE
Because the reagent attacks almost perpendicularly to the plane of the

aromatic ring, aromatic substitution is not very sensitive to the bulk of
ortho substituents, providing the reagent has only moderate space require-
ments. As these requirements increase, the effect of the bulk becomes
evident. It must be emphasized that only changes between the reagents and
the transition state affect the rate of reaction; if the change is the same
in both the reactants and the transition state, no steric hindrance occurs.
Little has been accomplished to determine the magnitude of steric effects
largely because of the difficulty in disentangling steric and polar effects

.

DETERMINATION OF STERIC HINDRANCE
In 192b Kindler (1) made the first attempt to separate steric and polar

effects in aromatic reactions by using rates. Using an empirical relation-
ship, he found the relative order of ortho effects to be F^Br'Cl^NOa . Another
early study involved the racemization of optically active biphenyls (2)

,

In order to racemize, the 2,2 groups must swing past each other and the
rates of racemization should give the degrees of steric hindrance for speci-
fic groups. The relative order of bulk found for groups on the biphenyl
system was Br>CHs>Cl>N0 2>C00H>0CH3>F, the validity of which may be doubted.

"COOH ,

Two different transition states are possible and which one actually occurs
with a particular group is in doubt. Also, what relevance the bulk effect
was here to that in aromatic substitution is uncertain.

Probably the simplest method of determining the relative steric effect
of an ortho group on an attacking group quantitatively is by comparing the
free energy of activation calculated from the ratio of rate constants for
an ortho to that of a corresponding para derivative (3) • For example, the
free energy of activation for ortho bromination of toluene in aqueous
dioxane was calculated (3) to be 0.11 kcal./mole less than that of reaction
at the para position by the equation RTlnfp/f =AFp=-AFo, (fx = partial rate
factor). For nitration of toluene in acetic acid the value is -0.l4
kcal./mole. This might indicate that there is 0,25 kcal./mole more steric
hindrance in nitration than in bromination since the partial rate factors
can be taken as a measure of the differences in the energies of activation.
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Also, the fp/fo ratios for a given reaction can be determined with various
ortho substituents, and the relative steric requirements can be estimated.
The relative order of ortho effects obtained by this method (k) was the
same as that obtained by Kindler.

This method assumes that the differences in electronic effects for
ortho and para positions are the same for bromination and nitration and
that any difference in the free energy of activation is caused by steric
effects. It is well known that as the steric requirements increase, the
electronic influences may be changed, so this type of evaluation could, at
best, only approximate steric hindrance in a few reactions.

Recently (5), it has been suggested that a relationship between partial
rate factors may allow calculation of the "ortho effect". It has been
shown that the relationship

logi fm = constant log10fp
holds to a reasonable approximation for meta and para substituted deriva-
tives. H. C. Brown suggests that the relationship

logiofo = constant logi f
p

should hold for substitution at the ortho and para positions. Deviations
from this equation would then be taken as the measure of steric hindrance.
Implicit is the assumption that polar and steric effects are completely
different functions of structure, and that these effects combine additi-
vely to affect the energy of activation. This is known not to hold in
many cases, especially where large steric requirements exist.

Attempts have been made recently to separate electronic and steric
effects in aromatic substitution with the intention of finding a Hammett-
type equation applicable to ortho substituted benzene derivatives. The
Hammett equation (6)

Alog K = ap

allows a useful correlation of side-chain reactivities in aromatic compounds
bearing meta and para substituents . p is a constant characteristic of the
reaction, a is a constant characteristic of the substituent and K is the
rate or equilibrium constant.

The Hammett equation is based largely on the Arrhenius equation (7)
states which have equivalent steric effects) therefore, the ratio of the
rate constants for these hydrolyses should be a function only of the
polarity of a substituent. He showed that the hydrolyses of ethyl esters,
RCO2C2H5, follow the linear polar energy equation

log kAo = P*<** (i)

where p
x is a reaction constant dependent only on the inductive electron-

withdrawal by substituents; k is the rate constant for the standard
member of the series and a* is a quantitative measurement of the polar
effect of the substituted group. Taft determined the ratios of the rate
constants in both base and acid

:

(log k/k )B = pga* + Es ; (log k/k ) A = pfa* + Es : E s
= steric effect

(log k/k )B - (log k/k ) A = pga- - pja* = a* (pg - p%)

P" ~ Pa was ^ a^en ^° be 2.5 to put the values of a* on the same scale as
H§mmett's a. When a* is determined for substituents, then Eg can be
calculated for a given reaction. The approach has not been applied to
aromatic substitution, but a linear relationship of the relative rates of
acid hydrolysis of ortho -substituted benzamides in H2 at 100° was found (9).

log (k/k
Q ) = 5E

S

This equation is valid only within certain standard limits . It would be
possible to test the validity of the Taft equation (i) for steric effects
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if a reaction could be carried out in which only polar and steric effects
were operative. Such a system would be ideal and could not be realized,
since other important factors are present in most reactions. Taft makes
the basic assumption that polar, steric, and resonance effects are com-
pletely different functions of structure. Therefore, the polar energy
equation will be valid only for reactions where steric and resonance effects
are constant. This means that the quantitative predictions from the equa-
tion become less reliable as the steric requirements of substituents in-
crease. Variable steric and solvent effects may well alter the nature of
polar effects so that no simple relationship would exist between corres-
ponding polar effects in two reaction series, therefore little physical
significance can be given to a general polar constant, and the various
parameters derived from it.

Taft (9) has proposed a Hammett-type equation which would include both
steric and polar effects:

log (k/kQ ) = p*0* + 6ES (ii)

Farthing and Nam (7) set up an equation similar to (ii) allowing Alog K =

o (p = l) for ortho substituted benzoic acids. Two assumptions were then
made

:

1. The electronic effect on A log K by a substituent in the para
position is the same in the ortho position

.

2. Steric effects only influence the entropy term, while electronic
effects influence only the energy of activation. Prom the first assumption
it follows that since O includes both steric and electronic effects, then
^steric °? an ortho substituent can be calculated if crelectronic can be
determined by the A log K effect of a group in the para position.

a o = aE + a s
a s = a - aE

A reaction constant is required for each effect, thus giving

Alog K = EcE + SaS (iii)
Alog K/a s

= pEaE/a s + p s

A log K is determined experimentally for ortho substituted benzoates, and
by plotting (Alog K)/a s versus o-gpQ it was possible to determine pg from
the slope of the curve and p s from the intercept. The statistical cor-
relation between (Alog K)/a s and aE/os for forty-five different reactions
has been determined by the authors. Of the forty-five, forty-one gave a
correlation coefficient greater than 0.90; eighteen gave a coefficient
greater than 0.99* Only two reactions give poor correlation in the series,
those of base hydrolyses of ethyl benzoate in ethanol and acetone. In-
cluded in the series of reactions were those where the aromatic nucleus
was polysubstituted . In these cases the additivity principle of group
influences was applied. Stone and Pearson (10) recently have shown that
in aromatic derivatives with large steric requirements the additivity
principle fails

.

Nevertheless, the equation has good empirical validity and may well
prove to be very useful. That there is good agreement between a s p s +
GE P E an<3 the observed values of Alog K in the reaction of substituted
anilines with benzoyl chloride in benzene is shown by table I (11).

o-substituent tfsPs

TABLE I

<?EPE ^sp s + cjePe)

^752+
-2.183
-4.399
+0.082

obs .Alog K

-0,425
-2.187
-4.397
+0.084

CH3
CI
N0 2
OCH3

•0.577
1.654
1.197
•0-599

+0,353
-0.529
-3.202
+0.681
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A comparison of equation (iii) with the Arrhenius equation led the au-
thors to the second assumption, i.e.. the Alog A term is influenced only by
steric factors, while a„ gives the influence on the AE term. Stubbs and Hin-
shelwood (12) have shown that A is constant for ortho substituted anilines;
therefore, since the steric term is assumed to be equivalent to A, one would
expect o

s p s to be constant. Inspection of table I shows that o s p s varies
considerably, thus the second assumption made by the authors has no validity,
This does not weaken the empirical correlation with the equation, but indi-
cates that no physical significance can be given to the terms of the equa-
tion. A comparison of o s values with other criteria of steric effects, ±.e_.

Winstein's A values (l5)°and Taft ' s values of ortho effects (4), indicates
that the cs values have some relation to bulk (Table II)

.

TABLE II

substituent
c. Taft's kp/1

"O
A values

OH 1.60
N02 1.27
Br 1-15
CI 1.05
OEt 0.25
CH 3 0.45
C(CH 3 ) 3 0.86

14.6
4..7

2.7
0.52
5.4

0.8

1.8
75.4

INFLUENCE OF STERIC HINDRANCE ON THE TWO-STEP MECHANISM
Recently there have been several papers published reporting the ab-

sence of an isotope effect in electrophilic aromatic substitution. Melan-
der (l4) used tritium labeled aromatic rings in the nitration of benzene,
toluene, nitrobenzene, and naphthalene to determine that K^/K^l. 55* For
most of the reactions the ratio was considerably nearer unity. This lack
of isotope effect gave substantial support to the two-step mechanism be-
cause normally one would expect an isotope effect in a one-step termoleular
mechanism. However, this did not positively exclude a one-step mechanism
(15).

Since the two-step mechanism has become generally accepted, the iso-
tope effect has been used extensively to determine the influence of steric
and electronic factors on this mechanism. Zollinger ( l6) used the kinetic
isotope effect in diazonium ion coupling to present, perhaps, the best evi-
dence for a two-step mechanism and to show that steric factors may shift
the rate -determining step. It was demonstrated that a transition from the
first step being rate-controlling to the second step being rate-controlling
could be manifested in the kinetic isotope effect. In general, coupling
proceeds without a hydrogen isotope effect and without base catalysis (kj is
considered rate-controlling) (17). For example, it was found that 2-methoxy-
benzenediazonium ion reacted with the unhindered l-naphthol-4-sulphonic acid
and with 2-D-l-naphthol-4-sulphonic acid at the same rate (KH/KD = l) . There
was no base catalysis. On the other hand, if the aromatic

^^/nJ

%/^OCH
+

nucleus on which coupling takes place is sufficiently hindered, the reaction
is base-catalyzed and a full isotope effect is observed when the proton at
the site of reaction is replaced with deuterium. 4-Chlorobenzenediazonium
ion reacted with the sterically hindered 2-naphthol-6: 8-disulphonic acid six
times faster than with l-D-2-6: 8-disulphonic acid (Kpj/Kp = 6-55). Base cat-





-5-

alysis (by amines) was observed for this naphthol
S03 S0 3

-OH

+

One may express the rate of the reaction in terms of the proposed two-
step mechanism by the kinetic equation ( 18)

+
d(ArN = NR) = klk 2 [Bj[ArN=N][R-H] *

dt ~~
k -1 + k

2
TBT

k-j_ko

k_i

1 +

[B][ArN=N][R-H]

f{B]

The equation predicts that if k_-,X>k,
to k.2> and thus an isotope effect wi'

then the overall rate is proportional
be observed. When k2X>k_]_> the over-

all rate will depend only on ki and no isotope effect will be exhibited.
Zollinger (17) interprets his results in terms of a two-step mechanism and
attributes the isotope effect to the steric acceleration of the reverse re-
action of the first step. That the rate has become dependent on ko in the
coupling of hindered naththols is substantiated by the non-linear base cat-
alysis of the reactions; indeed, even the isotope effect varied with chang-
ing base concentration. The kinetic equation predicts that as the concen-
tration of base increases, the rate dependence on ki increases, and thus a
decreasing isotope effect results. It is obvious that the gross specific
rate has undergone a transition from k_]X>k2[B] to k„]_<Xk2[B] when the mole-
cule is sufficiently sterically hindered. It is possible to vary the base
concentration so that k2/k_}_ and k_-. can be determined. Evidence that the
isotope effect is caused by a change in the magnitude of kg/k.^ is given by
a reaction which lies between the extremes of the above two reactions. In
the coupling of 4-chlorobenzenediazonium ion with l-naphthol-3-sulphonic
acid and its 2-D derivative steric hindrance is not so great, and the full
isotope effect is not observed (K^/K-q = 5) . The intermediates proposed for

S0 3

these reactions can be pictured as the following:

—N=NAr
S0 3 HN=NAr

Vkd
=

1
KH/K

D
= 6 -55

N-NAr

3 K - = 3KH/K
D

>

The departure of the diazonium ion will release more strain in the inter-
mediate than the loss of a proton; thus the reverse reaction of the first
step is accelerated. Although this explanation for the observed change in
the k2/k-l ratio cannot be discounted, it is possible that steric hindrance
to the approach of base to the intermediate may well decrease the magnitude
of k2 and thus decrease the ratio k2/k_-j_ even though the protolysis has been
shown to be very rapid (17)





-6-

Zollinger (17) has considered the electrostatic effect that a SOi group
might have on the loss of a proton. It is not possible to determine experi-
mentally the extent of the effect, but it is certain that this is not the
tanly cause for the isotope effect. The reaction of ^-sulphobenzenediazonium
ion with 8-methyl-2-naphthol is catalyzed by bases:

_^-0H

+

Here the methyl group cannot be supposed to oppose proton loss electrostatic-
ally, but steric crowding is still present.

Zollinger also reported that bromination of 2-naphthol-6: 8-disulphonic
acid exhibits an isotope effect (K-^/Kj) ~ 2 - ,6). However, this case might
be a combination of steric and electronic effects resulting from the -OH sub-
stituent on the ring because here the intermediate is more acidic (19)-

Hammond (15) has brought attention to the fact that the isotope effect
would be immeasurably small in a strong exothermic reaction if only a mini-
mal weakening of the C-H bond occurs in the transition state. Therefore,
even a one-step mechanism might not give an isotope effect. Figure I shows
clearly the cases where an isotope effect is present (i) and absent (il) for
both the termolecular and the two-step mechanisms. One would expect that

I —

^

"•* mam / \

/

/

E
/

reaction coordinate reaction coordinate

FIGURE 1

catalysis of the proton loss by bases would be linear with base concentra-
tion in the termolecular mechanism. No large variance in the isotope effect
would be expected with changing base concentration. On the other hand, if

as shown in diagram I
bases would not be linear
to be rate determining;
catalysis or to an iso-

in intermediate in a two-step mechanism is formed,
(Figure l) , the catalysis of the reaction by added
a.nd should eventually cause intermediate formation
ind then the reaction would not be subject to base
sope effect,

Kruse (20) applied Hammond's arguments to Zollinger's conclusions and
isserted that even though Hammond's arguments do not disprove formation of
m intermediate in a two-step mechanism, likewise, Zollinger's experiments
3nly show that for the base catalyzed reactions, bond breaking is significant
n the transition state; and for the non- catalyzed reactions, bond breaking
ls not extensive. Kruse failed to consider that Zollinger has shown that
;he rates are not linearly dependent on base concentration (Figure 2) and
:hat in the catalyzed reactions the isotope effect varies significantly with
changing base concentration. If the reaction were a one-step termolecular
lechanism, one would expect linear base catalysis and little change of iso-
ope effect with different concentrations of base. Thus, only the two-step
jiechanism is consistent with the data when an isotope effect is observed;
>ut where no isotope effect is observed, the possibility of reaching the tran-
sition state before the pertinent C-H bond has lost an appreciable part of
.ts zero point energy in a one-step mechanism cannot be ruled out, The fact
;hat, when certain substituents are on the
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Rate of
Reaction

l.mole 1 sec.

120

8C

4C

[pyridine]
o • 4

FIGURE 2

aromatic hydrocarbon, the mechanism as a two-step mechanism lends strong sup-
port to the idea that even where no isotope effects exist, this mechanism is
followed. Olah and co-workers (21) have shown that the intermediate may have
considerable stability.

The more alkylated a benzene ring becomes, the more reactive it is to-
ward electrophilic aromatic substitution (22). Isotope effect experiments
show that these favorable electronic effects may be counterbalanced by ster-
ic effects. Illuminati, et al. , (19) report that in the bromination of 5-
bromo-6-deuterodurene and 3-bromodurene there is an isotope effect (Ktt/Ktn ~

M).
n

ch 3 ck 3

Br (_) BrBr

CH3 CH3

CH3 CH3

CH3NO;
X = H,D

CH3 CH3

is hindered by two ortho methyl
reaction of the first step or slow

1* 3,5-tri-t-butylbenzene (25) on
brominatiori in acetic acid-dioxane solution containing perchlorate and per-
chloric acid showed an isotope effect (

K

H/Km = 10).

The site of substitution in bromosurene
groups which may accelerate the reverse
down k2//k_-

1

ratio and an isotope effect

LH7 iVT

+ Br
AgC104 , HCIO4

CH 3C00H-Dioxane
+

21$

This
k

7°

isotope effect was reported to be caused by the steric acceleration of
_,, but the possibility that electronic factors are also influencing the

rate determining step cannot be easily excluded.
It is well known that steric effects may play

solvation of a reaction site. Stock and Hinoe (2^)
ortho to the alkyl group in t-butylbenzene was much

containing large quantitie

an important role in the
found that chlorination
faster in acetic acid

solvents containing large quantities of H2 than in dry acetic acid or solu-
tions with small water content. The degree of substitution ortho to the
methyl group of toluene only slightly increased in aqueous acetic acid sol-
vents, The ratio k M /k , , , , decreases two-fold on going from dry a-
cetic acid to acetic ° - Duz^1 acid 27-6 molar in H20, indicating that
the o-t-butyl group is more sensitive to this type of steric effect. The ef-
fect was attributed to the reduced steric requirements of the H2O associated
chlorine reagent in contrast to the reagent in dry acetic acid.
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Schubert and co-workers (25) have argued for the importance of steric
effects on the solvation of aromatic transition states at sites other than
the direct reaction center and attribute the Baker-Nathan order to these ef-
fects . They ascribe the diminished reactivity of t-butylbenzene compared to
'toluene to the steric inhibition of solvent stabilization of the electron-
deficient transition states. Since a t-butyl group would have larger steric
requirements, it would inhibit the solvation of the aromatic ring at, or
near, the carbon atom to which it is bonded more than would a methyl group.
Schubert based his arguments on spectral data (energies of electron transi-
tions) of alkylated compounds in the gas phase where the inductive order t-
Bu>i-Pr>Et>Me (26) was shown to be followed. The rates in isomer distribu-
tions in the chlorination of benzene, toluene, and t-butylbenzene were de-
termined in acetic acid solutions of varying H2 concentrations and in five
different solvents in order to evaluate what role a differential energy of
solvation might play in aromatic reactions (24)

.

TABLE III

Solvent P--partial rate factors rel. rate for k
p-Me

25 c
toluene t--Bu-benzene benzene

p-t-Bu

HOAc, dry 820 401 1.00 2.0
HOAc, 4.1M H2 666 322 93 2.1
HOAc, 9.8M H2 744 364 398 2.0
HOAc, 15. 3M H2 744 366 1150 2.0
HOAc, 20.8M H2 705 394 2940 1.8
HOAc, 27. 6M H2 552 3>41 64^0 1.6
CH3NO2 — 3.2
(Nitrobenzene — — 2.1
Chlorobenzene _ _ _ 2.2
Acetonitrile — — 2.0

The rates of chlorination were much greater in the more aqueous media, but
the partial rate factors (fx ) were relatively constant, If solvent effects
control the Baker-Nathan order, then as the solvent is changed the f /
^p-t-Bu ratio would be expected to vary because a t-butyl group has p Ie

- " larger steric requirements than a methyl group. £ /f re-
mained fairly constant in acetic acid solutions with various p l~Bu

H2 concentrations; it also remained constant with different solvents. On
this basis Stock argued that the reactivities of the p-alkyl benzenes are not
controlled by solvent effects. However, the reaction site would be expected
to be much more sensitive to solvent effects than the electron-deficient
sites removed from the reaction center. The deceleration of rate in going
from toluene to t-butylbenzene is only two-fold, and a small solvent effect
on the stabilization of an electron-deficient site other than the reacting
center may be masked.
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THE STRUCTURE , ABSOLUTE CONFIGURATION, BIOGENESIS AND TOTAL

SYNTHESIS OP GRISEOFULVIN

Reported by J. V. Paukstelis October 9 196l

INTRODUCTION
Griseofulvin was first isolated from the metabolic products of

Penicillium griseofulvium Dierck XX by Oxford Raitfstrick and Simonart
(1) and later by Brian, Hemming and McGowan (2) who called it "curling
factor". The identity of griseofulvin and "curling factor" was estab-
lished by Grove and McGowan (3) • It is effective in treatment of fungus
infections of hair, nails, scalp and skin. It is particularly useful for
people sensitive to wide-range antibiotics that are normally used in
treatment of fungus diseases. (4) Its action is fungistatic. About 5
ppm cause almost complete cessation of growth of the fungi that "curl up";
hence the name "curling factor".

STRUCTURE
Griseofulvin (I) as found by Oxford, Raiftstrick and Simonart (l) was

a C17H1VO6CI compound, m.p. 218-219°, colorless crystalline, and neutral
with [a]^46i + ^17° • It was quickly established by a Zeisel decomposi-
tion that three -OCH3 groups were present. Oxime formation showed that
at least one oxygen was present as a carbonyl . The linkage of the re-
maining two oxygens was not known but it was believed that the fifth was
an ester linkage while the sixth appeared to be an oxygen bridge . Oxford
carried out a series of reactions in an attempt to elucidate the structure.

When griseofulvin was hydrolyzed with boiling aq-alcoholic H2SO4 it
yielded a monobasic acid called griseofulvic acid (II), C16H15O6CI with
[a]t=46i + 508°, containing two methoxy groups. Hydrolysis of griseofulvin
or further hydrolysis of griseofulvic acid with 0.5 w NaOH yielded a di-
basic acid called norgriseofulvic acid (III), C15H13O6CI with [a] =54*51

+ 609°, containing only one methoxy group, and an insoluble neutral
compound called decarboxygriseofulvin (IV), C15H15O4CI with [a] 54 6i -31°

>

containing two methoxy groups, derived from griseofulvic acid by loss of
C02« Since decarboxygriseofulvin is stable to acid hydrolysis it seemed
certain that it contained only one -OCH3 group and that the second acidic
group in norgriseofulvin was phenolic and not carboxylic. This was
supported by the color tests of norgriseofulvin, an intense brown with
alcoholic FeCl3 and an orange-brown with diazotized sulfanilic acid in
Na 2C03 .

On hydrogenolysis with Pd/C, griseofulvin gave two products called
dihydrogriseofulvin (V) CiyHi 9 6 Cl with [a]s46i -33°; and tetrahydro-
griseofulvin (VI) CitH 2 iOs C1. The dihydrogriseofulvin retained the
carbonyl group since it formed a 2,4-dinitrophenylhydrazone , hence
griseofulvin contained a >C=CC • A Ta'ufel and Thaler test (warming with
salicylaldehyde and 45% aq. sulfuric acid gave a red color) showed that
-CH2COCH2- grouping was present in dihydrogriseofulvin.

Oxidation of griseofulvin with potassium permanganate in acetone at
room temperature yielded two products. One was a pheonoli'c monobasic
acid CsHgO^Ci, containing two methoxyl groups. It was identified as VII
by reaction with diazomethane and comparison of the product with an
authentic sample. A positive ferric chloride test (deep purple) and a

negative Mi lion reaction showed it to be a salicylic acid. The second
degradation product Ci4H 150rCl (VIII) with [aJo -24° was a monobasic
acid with two methoxy groups, a carbonyl and a hydroxyl group. Since
the hydroxyl gave no reaction with a Fearon-Michell reagent it must be
tertiary

.
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CH3

CH3

CH2N2 "'2
COOCH3

CH3

CH3

CH3

Griseofulvin on fusion with KOH gave orcinol (IX) . Since it is im-
possible that the orcinol arose from the same benzene ring it was con-
cluded that the orcinol must be the second half of griseofulvin. Both
griseofulvic acid and norgriseofulvic acid on reaction with diazomethane
gave not only griseofulvin, but also an isomer of griseofulvin with
[a] 54 6i +265 (X)

.

Prom his experimental data Oxford concluded that the structure of
griseofulvin was la

.

At that time there was no chemical evidence
that the structure was incorrect but not all of the
data could be explained. On spectral evidence
Grove and McGowan (5) suggested that the structure
was probably incorrect. The U. V. absorption of
griseofulvin is typical of a compound in which
phloroglucinol and carbonyl chromophores are con-
jugated. In the I.R. region griseofulvin does not
have carboxylic ester absorption, while griseofulvic
acid, a product of mild basic hydrolysis, has strong
enolic absorption at 3235 cm x

(7)

•

Grove (6) oxidized griseofulvin with zinc permanganate ^nd obtained
VII as Oxford had done with potassium permanganate oxidation. However on
chromic acid oxidation. Grove isolated the compound (XI). Zinc per-
manganate oxidation yielded also VIII which was identified by periodic
acid oxidation to VII and (+)methyi succinic acid

.

COOCH3
la

CH
CH3

OCH-

CH3O

XI

CH-CH2COOH

CH3

VIII

Only formation of decarbogriseofulvin (IV) and the lability of a

methoxy group in formation of norgriseofulvic acid remained to be explained.
Decarbogriseofulvin can be formed by alkaline hydrolysis involving rupture
of the 8-diketone system followed by an internal Knoevenagel condensation
to a dihydrodibenzofuran system. This was confirmed by oxidation of de-
carbogriseofulvin to a phenol. The U.V. and stability of decarbogriseo-
fulvin' in potassium permanganate solution is consistent only with the
dibenzofuran system (6) . The position in griseofulvin or griseofulvic
acid of the methoxy group labile in aqueous alkali was determined by
Duncanson and co-workers (8) . The norgriseofulvin was reacted with diazo-
ethane and gave two isomeric ethers which on oxidation gave the compound
XII. The structure of XII was identical to an authentic sample prepared
by ethylation of XIII.
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With these additional data Grove assigned the structure lb to griseo^
fulvin .

CH3CH2

With this structure in mind it is then possible to assign structures
to most of the degradation products. The degradation scheme is given on
the following page

.

ABSOLUTE CONFIGURATION
With the structure :

pinally established, MacMillan (9) was then able
to determine the asymmetry at the 2 and 6' centers. On treatment of
griseofulvin with 0.5M sodium methoxide it was found that 6ofo was con-
verted to a diastereoisomer . The mixture was separated by chromatography
on alumina or by fractional recrystallization after conversion to the
triones. Treatment of the diastereoisomer with 0.5M sodium methoxide gave
the same mixture, 40$ griseofulvin and <oQffo of diastereoisomer. Zinc
permanganate oxidation of the diastereoisomer gave the acid VIII and
periodate cleavage gave (+) methylsuccinic acid,also obtained from griseo-
fulvin . It then follows that the spiran and not the ring methyl is
inverted in the formation of the diastereoisomer. The acid VIII from the
diastereoisomer had [a]p -51° in ethanol, lowered to [a]j) -19° by dis-
solution in 3N NaOH and recovery. The acid from griseofulvin, on the
other hand, had [a]D -19 and was unchanged by 3N NaOH. The acid VIII
appears to be an equilibrium mixture of diastereoisomers at position 2
as normally prepared from griseofulvin. This accounted for the formation
of two dlastereoisomeric lactones from VIII. Since the (+) methylsuccinic
acid has been related to D-glyceraldehyde, the absolute configuration at
6' in both griseofulvin and the diastereoisomer is as shown in XIV and XV.

CH3O

XIV

CH3

CH3
XV

The configuration of the spiran relative to the 6' center can be deduced
Prom optical rotation it is known that the equilibrium mixture contains
h0% griseofulvin and 60^ of the diastereoisomer. Therefore griseofulvin
is assigned the sterically less favorable configuration XIV, (the 3-
carbonyl cis to the 6' methyl), and the diastereoisomer XV; Griseofulvin
according to the' Cahn-Ingold notation, is (2S,6'R) and the diastereo-
isomer is 2R,6 'R)

.
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H-CH2-COOH
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Barton and Scott (10) have reported that (+)geodin (XVI) and (+)erdin

(XVII) are rapidly racemized by 2% HC1 in dioxane . The monoacetate and

the methyl ether of (+)geodin are stable to racemization . These workers
concluded that the pheonolic -OH is involved in racemization. They
suggested an intermediate XVIII for the racemization.

COOCH3

P ^/tooch

XVIII

This type of mechanism is untenable in the epimerization of griseo-
fulvin . Griseofulvin could proceed by nucleophilic attack of methoxide
at position 3 (9)- Brossi (11) obtained evidence of methoxide attack at

CH3O

CH3
OCH-

^COOH

CH3O

CH3

XIX

the 3 position by isolating the acid XIX from the mother liquors of an
epimerization reaction with sodium methoxide; the acid XIX could result
from the opening of the ring in griseofulvin

.

The triones resulting from acid hydrolysis of griseofulvin and its
diastereoisomer are stable to boiling 0.5 N sodium methoxide. With 0.5
N sodium hydroxide both of the triones gave the dibenzofuran IV although
in very lov; yield. However with 0.5 N sodium hydroxide griseofulvin gave
some dibenzofuran while the diastereoisomer yielded only the salicylic
acid. This result may also reflect the greater accessibility of the 5-
carbonyl in the diastereoisomer (9)

•

BIOGENESIS
It is known that fatty acids and steroids are built from acetate

units (12) . In natural products containing more oxygen than fatty acids
or steroids the formulae appear to indicate that these molecules also are
formed wholly or in part by head-to-tail linkages of acetate units.
Head-to-tail linkages could lead to phenolic substituents in several
ways. Continuation of elaboration of fatty acids by addition of
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unreduced acetate units could leat to compounds of the types XX and XXI;
by ring closure through aldol condensation or through C-acylation could
give rise to compounds such as XXII and XXIII.

Q

1R-C-CH2CCH2C-CH2 -COH

XX

RCCH2CCH2CCH2CCH2COH

XXI

RCCH2
RCCH2

00H

OH

H

XXII

H

XXIII

Many examples exist of biogenesis of different compounds that could
arise by head-to-tail linkages (12) . Speculations have value if two
conditions are fulfilled: (a) the reactivity postulated must be found
in the laboratory; (b) there must be biochemical analogies available.
There is evidence that poly-B-ketones cyclize to phenols and that in
metabolic processes coenzyme A in involved (12) . An example of such a

cyclization is given below (12)

.

CK^H^H2pCH3

I
CH3

ho_L JLoh

Two types of ring closure of poly-B-ketones have been postulated:
one to form orcinol derivatives, the other to give phloroglucinol deri-
vatives by C-acylation. These hypotheses have been used to predict
the correct one of several possible structures for eleutherinol , flaialin,
nellein, a- and f3-sorigenin and nalgiovensin . Griseofulvin contains a

phloroglucinol ring and a potential orcinol ring. "Birch (12) postulated
that griseofulvin was formed from a poly-B-ketone in the manner indicated

by the dotted lines. To obtain evidence
supporting his hypothesis, Birch (13) used
labelled sodium acetate (CIl3

14 C00Na) as a

source of carbon for Penicillium griseo-
fulvium. He isolated the griseofulvin
produced and obtained the indicated isotope
distribution when griseofulvin was degraded
according to the following scheme: 1.

Cleavage with 2N sodium methoxide gave the
salicylic acid and a gum, which on K^H

The combined yield of salicylic acid was 52^ and
salicylic acid was decarboxylated best by heat jn
wool to give 2-chloro-3>5-dimethoxyphenol in 8l$

fusion gave orcinol

.

ff>. 2 . The
presence of glass

orcinol 85^
the
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yield. 5. The dechlorination of the salicylic acid was done with
Raney Ni and alkali giving phloroglucinol almost quantitatively. 4. De-
chlorination of the phenol was sensitive to concentrated HBr, but gave
phloroglucinol in 86$ yield with 5N HC1 . The phloroglucinol was nitro-
sated and the potassium salt was oxidized with H 2 2 to the trinitro-
phloroglucinol . Fusion with Ba(OBr) 2 gave the hydroxy1 carrying carbons
from positions 4,6,7a as BaC03 and from 3A, 5> 7 as bromopicrin which was
further oxidized to BaCC>3; 5- The trinitroorcinol was degraded similarly
except that only 4' and 2' carbons appeared as C0 2 . The 6' carbon was
determined by Kuhn-Roth oxidation which gave acetic acid which was con-
verted to acetone and Li 2C03 by pyrolysis . The LiCC>3 was converted to
BaCC>3 and the acetone oxidized by NaOI to give iodoform which was
converted to BaCOs for counting by a Van Slyke-Polch Oxidation. The
methoxy groups have also been shown to arise from the usual Ci-donor
system (choline) . Therefore the sources of all the atoms in griseofulvin
are known (l4)

.

The activities given are relative, with a statistical error not
greater than J>%. Absolute activities were estimated when required by
comparison to the standard source. The impure labeled griseofulvin was
diluted fifty times with inactive griseofulvin. The incorporation of
14 C into griseofulvin was \% . The assumption was made that there were
7

14
C per molecule of griseofulvin. The degradation scheme is given on

the following page

.

The isotope distribution corresponds exactly to that predicted if
griseofulvin was formed from a poly-|3-ketone by head-to-tail linkages.
To support this hypothesis a careful examination of other metabolic pro-
ducts accompanying griseofulvin was undertaken by McMaster (15) • His
examination yielded the compounds XXIV, XXV, and XXVI. This series of
intermediates suggested the sequence acetate-benzophenone-sirodienone
griseofulvin

.

CH3

CH3

XXIV XXV XXVI

SYNTHESIS
Barton and Cohen (16) suggested that the final step was affected by

phenol coupling of the benzophenone XXIV as indicated below. This is
formation of Pammerer's ketone

CH

XXVI

°'cC^

(17,18) and usnic acid (19)

.

CH3
6

XXIV
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Scott (20,21) using this idea, carried out an alkaline potassium
ferricyanate oxidation of the ketone XXIV. He obtained 6ofo yield of
XXVI which was hydrogenated with 5$ PVC in the Presence of 3% Se in
ethanol until 0.88 mole of hydrogen was taken up. The resulting mixture
was separated by chromatography. The hydrogenatlon yielded JOfo redured
ketone XXIV, 10$ starting material, 10$ of sterioisomers of XXVI and 8$
of (T) -griseofulvin . On purification the mixture gave 3$ pure dl-
griseofulvin . Acid hydrolysis of the racemate furnished (i) -griseofulvic
acid which formed a (+) -quinine menthol salt [a]j> +67. 5° m.p. l6o-2°. A
mixed melting point with an authentic sample was not depressed. The I.R.
spectra in KC1 were superimposable

.

Kuo (22) and co-workers also reported a very similar total synthesis
with a slightly better yield. More recently Brossi (8,23,24) reported
the synthesis of dl-griseofulvin . His reaction scheme is outlined below.

CH3

CH3O'

COOCH3

XDH

BrCH2C00CH3

CH3O

CH3/CH2N2
CH3 7

CH3OH
\E—J CH3

< yCOOCHs

CH3 CH=CHCCH3

OOCH3

H-CH2OOOCH3

NaOCH3
"> 60% XV + ho% lb.

XV

Various homologues of griseofulvin where the size of the alkyl group
(25) is varied or the halogen is changed or absent are known. The dechloro
homologue was isolated from Penicillium janczewskii (26) as well as pre-
pared by dechlorination of griseofulvin. The dechloro homologue is
similar in its reactions to griseofulvin with one exception— the dechloro
homologue does not have a labile methoxy group.

Of greater interest than the dechloro homologue is the bromo
analogue since this is the first bromine containing metabolite isolated
(27) . All of the analogues cause the same type of response in Botytis
allii. The minimum concentration for complete cessation of growth for
the homologues is: Br 0.7 l-ig/ml; CI 0.10 |ig/ml; dechloro 6.25 M-g/ml . (27)
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PR0T0NATI0N OF AMIDES

Reported by Leonard Kaplan October l6, 1961

I. INTRODUCTION
It has been known for a long time that amides behave as moderately

strong monoprotlc Bronsted bases in mineral acids (l ,2,^> ,k ,^ } 6) . Since
the amide group has two basic centers, the amino nitrogen and the
carbonyl oxygen, two alternative sites' are available for protonation

.

Protonation on nitrogen must proceed with the loss of the possibility
of representing the amide with more than one resonance structure, while
oxygen protonation leads to no such loss. Thus, a simple-minded appli-

x
nh2 jl y <_^

Vh _^ XNH ^ \JH

(a) (b)

cation of resonance theory would predict O-protonation . Fortunately,
the problem is not that simple. Many different kinds of evidence have
been presented for both N- and O-protonation. Some of these will be.
discussed in turn. This problem has been chosen for discussion, not for
its special importance, but rather because its solution indicates the
use of spectral techniques in solving chemical problems and, more
important, the perils involved in the superficial and "by-analogy" use
of spectral results

.

II. TERTIARY AMIDES
A. Experimental Results

1) Dimethylformamide (DMF) . The principal evidence favoring
O-protonation, provided by NMR spectroscopy, is based on the measurement
of the hindered internal rotation of neutral and protonated amides.
Phillips was the first to approach the problem this way, with the measure'
ment of the proton NMR spectrum of DMF (7) • There are two peaks, spaced
6 cps apart at 50 Mc and 8 cps apart at ^0 Mc, which are the proton
resonances of the two methyl groups . It was also observed that the rate
of rotation about the C-N bond in strong acid was not increased compared
to neutral solution .

Fraenkel and Niemann have studied the same problem (8) and found
that the methyl splitting of DMF was preserved in a variety of strong
acids . The magnitude of the methyl splitting in D2SO4 as well as in all
other media tried was relatively constant throughout.

Fraenkel and Franconi also undertook a study of the changes in
structure when an amide is protonated, by use of NMR techniques (9)

•

They substantiated the previous work of Fraenkel and Niemann (8) and
obtained much more detailed information . Each of the methyl doublets
was found to be itself a doublet. The methyl proton resonance pattern
of a 0.4m solution of DMF in 100$ H2SO4 was determined. Compared to pure
DMF, the splittings corresponding to the two sub-doublets increase from
0.5 to 1.2 and 0.75 to 1.75 cps. No separate OH or NH line could be
detected. As the temperature of the H2SO4 solution of DMF is increased,
the two N-Me -doublets collapse into a single line at 130°.

2) Other tertiary amides . The NMR behavior of N,N-dimethyl-
cyclopropanecarboxamide, N,N-dimethylacetamide, and N,N-dimethyliso-
butyramide (7*8) was similar to that of DMF. The methyl doublet (6 cps
difference at 30 Mc) of N,N-dimethylacetamide collapses reversibly in
acidic solutions, from 0.1M HCIO4 upward (7,8).
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B . Interpretation of Results
The doublet methyl resonance observed in the NMR spectrum of

DMF (7) could arise either from chemically different methyl groups or
spin-spin coupling with the carbonyl hydrogen. Since the splittings
were proportional to field strength, the separation is due to a chemical
shift. The fact that the formyl proton resonance is not split also lends
support to this conclusion. If there were free rotation about the C-N
bond, the average electrical environments of the two methyl groups would
be identical and their proton resonances would be coincident. If, on the
other hand, rotation about the C-N bond is constricted and the molecule
is planar or nearly planar, the two methyl groups reside in different
electrical environments and consequently exhibit resonances at different
frequencies. Restricted rotation about the C-N bond of amides is
reasonable from the point of view of MO theory in that overlap is possible
between the p-orbital of C and the p-orbital of N containing an unshared
pair of electrons

.

The sub-doublets can arise from coupling between the formyl and
methyl hydrogens. The origin of these splittings was verified by use
of DCONMe 2 (9)

•

Because of the relative rates of rotation about the C-N bond in
acid and neutral solution (7), it is highly unlikely that N-protonation
occurs. The results of Fraenkel and Niemann concerning the preserva-
tion of the methyl splitting in a variety of acids including 100^ D2SO4
[Deuterium couples very weakly, especially through N (10) ] support this
conclusion (8) . Also, the results of Fraenkel and Franconi (9) clearly
imply that in acid solution at room temperature DMF protonates chiefly
on . At the same time protons are exchanging rapidly between the of
DMF and the solvent. In addition, they determined the mean lifetime be-
tween interconversions of the two methyl groups at several temperatures
using a modified procedure based on the methods of Gutowsky and coworkers
(ll) and Grunwald, Loewenstein and Meiboom (12). The temperature depend-
ence of the rate of internal rotation of 0.4m DMF in 10C$ H2S04 and, for
comparison, that of pure DMF were determined. The activation energies
(9.6 + 1.5 kcal/mole for DMF and 12.7 + 1.5 for DMFH+ ) represent barriers
to rotation. It seems reasonable, assuming O-protonation, for the
barrier in DMFH+ to exceed that of DMF since the resonance form H0CH=N+Me2
would be more important in stabilizing DMFH+ than would ~0CH=N+Me2 in
stabilizing DMF. The increase in formyl-methyl proton coupling constants
in DMFH+ compared to DMF also indicates that an increase in bond order of
the central C-N bond has taken place.

The arguments of Spinner (13) against the above interpretation of
NMR results will be discussed later, along with the refutation of his
arguments

.

Ill . PRIMARY AMIDES
A. Experimental Results

1) Benzamide . The comparison by Edward, et. al., (14) of the
UV spectral characteristics with those of similarly substituted unpro-
tonated acetophenones in kkfi H2SO4 showed them to be closely similar,
the positions of the absorption maxima in most cases being within 2-3 mp,

of each other. The similarity extends to the general shape of the
absorption curves

.

Hantzsch has noted the similarity of the UV spectrum of benzamide
in cone. H2SO4 with that of ethyl benzimidate in acid.

2) Furamide The same generalizations made about the UV spectrum
of protonated benzamide are true for protonated furamide (cf. methyl-2-
furyl ketone) (14)

.
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3) Urea and acetamide Davies and Hopkins discussed the pro-
tonation of urea and presented evidence for N-protonation (15) • The IR
absorption of urea nitrate in the 3u. region shows four centers of
absorption, at 34l2, 3366; 3260, 3200 cm 1

. v (C=0) rose from l6l0 cm x

in urea to 1670 cm x in the nitrate.
Spinner has come to the same conclusion as a result of a study of

the IR spectra of protonated urea and acetamide (16) . There was no
absorption band above 3^00 cm x in the IR spectrum of either urea°HCl or
acetamide -HC1 . The following was also observed: (l) strong N-H
stretching bands in the cations at frequencies lower than the N-H
stretching frequencies in the neutral molecules; (2) additional bands
in the N-H bending region in urea-HCl; (3) a band at 2570 cm x in the
urea*HCl spectrum and a fairly strong band at 2350 cm x in the acetamide-
HC1 spectrum.

The N-C-N in-phase stretching frequency in the urea cation, 10] 8 cm x
,

is slightly higher than that in urea, 1005 cm" 1
. Similarly, the in-phase

stretching frequency in the acetamide cation (882 cm x
) is higher than

that in acetamide itself (871 cm 1
) (16) . If Stewart's assignments (17)

are accepted, the same pattern is observed for the asymmetric stretching
motions as well

.

4) Other primary amides . In general, the carbonyl stretching
band is observed to shift to higher frequencies when amides are con-
verted to their salts (15, 16, 18,19,20, 21) .

B . Interpretation of Results
1) Benzamide and furamide . The results obtained by Edward, et.

al., (l4) are consistent with N-protonation, since it had been observed
that replacement of a methyl by a -N+H3 group has only a minor effect on
the UV spectra of many aromatic compounds (22,23,24).

Hantzsch's results are evidence for 0-protonation, since the pro-
tonated form of ethyl benzimidate is said to have only the structure
PhC(0Et)=N+H2 .

It is thus evident that the UV absorption characteristics of pro-
tonated benzamide can be considered to be equally compatible with an N-
or an 0-protonated structure.

2) Urea and acetamide . The conventional representation of
the bonding in urea includes contributions from two principal electron
distributions. It may be argued that, owing to the role of the polar
structure, the oxygen is the site of protonation in the formation of
urea salts . However, the IR absorptions of urea nitrate led Davies and
Hopkins to dispose of this possibility (15) • The absence of absorption
at wave numbers higher than 34l2 cm x was considered to eliminate the
presence of a hydroxy1 group and the frequencies were assigned to
symmetric and asymmetric modes in NH2, mean v (N-H) = 3389 cm x (cf. urea
v (N-H) = 3396 cm_ 1

); and in N +Ha, mean v (N-H) = 3230 (cf. ammonium salts,
v (N-H) = 3200 cm 1

). A supporting detail is the rise of v(C=0) from
urea to its nitrate. This corresponds to the reduced delocalization of
the bonding in the ion and the return of v (C=0) towards a ketonic value.

After calculating force constants, bond distances and bond energies
by a semi-empirical method, Davies and Hopkins estimate the ratio of the
first and second base constants to be 10 5

, the latter beiig less than
10 24 which means it would not normally be detectable . NH2C0N+H3 was
used as a model (15) • Thus the weak mono-acidity of urea is readily
understood without involving 0-protonation .
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Spinner also took the lack of absorption above 3^00 cm" 1 in the IR
spectra of urea*HCl and acetamide *HC1 as showing that the molecules do
not contain hydroxyl groups (l6) . Alternatively, one would have to
assume a "seemingly incredible" lowering of the 0-H stretching frequency,
The spectral behavior in the N-H stretching and bending regions, espe-
cially since the bands at 2570 and 2550 cm 1 are in a region where bands
are observed in +NH3 derivatives (25), also indicates N-protonation

.

Spinner then attempted to rationalize his results as follows:
Variation of the stretching frequency of a given bond with molecular
surroundings is often attributed to changes in bond multiplicity. Thus
the decrease in the carbonyl stretching frequency from CH2O (17^ cm

-1
)

to acetamide (1675 cm 1
) to urea (1627 cm -1

) is said to be due to an
increase in the single bond character of the CO linkage . Resonance with
zwitterion structures is partly destroyed in the urea cation NH2C0N+H3
and fully destroyed in the acetamide cation CH3 C0N+H3 ; the C=0 stretching
frequencies are greater in the cations than those in the neutral molecules,
in agreement with these ideas. In the resonant cations, by contrast,
the C=0 stretching frequencies would be lowered. Resonance is also said
to confer some double bond character upon the C-N bond in an amide;
according to the calculations of Davies and Hopkins (15) the C-N bond
order in urea is close to 1.5; the intrinsic C-N stretching frequency
is raised accordingly. In the cations the CN+ bonds must be pure single
bonds and the C-N+ stretching frequency should be substantially reduced.
To be_more precise, the reduction should be substantially greater than
40 cm 1

, ^0 cm x being the drop which cation formation produces in the
C-N stretching frequency of MeNH2 and in the. C-N-C symmetric stretching
frequency of Me 2NH. However, the N-C-N in-phase stretching frequency
in the acetamide cation are both higher than those in the respective
neutral molecules. Thus, Spinner notes that the assumed relationship
between stretching frequency and bond multiplicity requires that the C-N
bonds have, if anything, less double bond character in the neutral
molecules than in the cations. Thus, the substantial lowering of the
C-N stretching frequencies on cation formation predicted for N-pro-
tonated molecules by resonance theory is certainly not observed. The
intrinsic C-N stretching frequency is undoubtedly higher in amides_than
in amines (cf. the symmetric bond stretching frequencies: 1005 cm 1 in
urea and 931 cm 1 in Me 2NH) ; since it is not lowered in the -C0N+H3
derivatives, this observation cannot be due to a partial double bond
character of the C-N bond in amides, if the idea of N-protonation is to
be preserved . Another explanation is necessary; in order to salvage
his theory, Spinner considers this to be provided by an effect first
considered by Kistiakowski (26) and recognized to be of wide application
by Burawoy (27) . In acetamide, because an sp 2 carbon is more electro-
negative than an sp3 carbon, the C-N bonding electrons are closer to
the C nucleus, and the C-N linkage is shorter and stronger, than is the
case in MeNH2 . In the absence of complicating factors, bond shortening
is accompanied by an increase in the stretching force constant and the
stretching frequency. The addition of a proton to the N atom in an
amide will not change the hybridization of the C significantly and the
C-N stretching frequency should be substantially unchanged, as is
actually the case. However, Spinner has not taken into account here the
change in hybridization in N from sp 2 to sp3 when an amide is protonated

.

This should tend to decrease the C-N stretching frequency.
On the basis of the generally accepted theories of electron

derealization the preferential proton addition to the N atom is regarded
as surprising. The ionization potential of uncharged exceeds that of
uncharged N (in compounds like Me 2 and Me 2NH) by about 25 kcal/mole
(28), and the 0-H bond is stronger than the N-H bond (in H 2 and NH3 ,
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respectively) by about 16 kcal/mole {29), leaving a balance of about 9
kcal/mole in favor of proton addition to a N atom. All these figures will
undoubtedly be somewhat modified in amides, However, in a urea molecule
(or amide) in which there is substantial negative charge on the atom
and a partial positive charge on the N atom, the above figure of 25 kcal/
mole will be substantially reduced or even become negative. Considered
in terms of resonance energies, proton addition to a N atom in urea
reduces the derealization energy, generally taken to be 37 kcal/mole, by
at least 30$ (15) . In the cation (NH2 ) 2COH conditions for resonance
are very favorable, and the resonance energy must be substantially higher
than in urea. Thus the resonance energy in (NH2 ) 2COH

+ must exceed than
in NH2CON+H3 by far more than 10 kcal/mole, and the highly resonant ion
should be far more stable. Since at this stage the ion NH 2C0N+H3 seems
to be more stable, all these resonance energies must, at least, be
considerably lower than is generally supposed. Resonance with zwitterion
structures of the type RC0NH2 <->R(C0 )=N+H2 has been postulated for amides
mainly to explain bond length and thermochemical data. Thus, the C-N
bond length, 1.475A in MeNH2 , is only 1-35A in urea; also, a stabilization
energy amounting to 21 kcal/mole in amides and 37 kcal/mole (29) in urea
has to be accounted for. In the author's view, these facts are to be
explained not by electron derealization, but mainly by the effect of
hybridization on electronegativity mentioned earlier. The results of
Stewart and Muenster (21), which cast considerable doubt on the IR evi-
dence for N-protonation, will be discussed later.

IV. SECONDARY AMIDES
A. Experimental Results

1) N-t-butylacetamide - A number of salts of AcNHCMe 3 (A)
corresponding to A'ltx., A2 *hLX. and A2 *HX3 have been prepared (X = halogen)
by White (19), in particular A'HBr (I), A 2 'HBr (II), A2 °HBr3 (ill),
A 2 'HI3 (IV), A2 'HBrCl 2 (V) , A 2 -HBrI 2 (VI), A2 'HClBr 2 (VII), where A =

N-t-butylacetamide . The molecular weights of II, III and IV in MeCN were
approximately equal to 1/2 of the formula weights, indicating a dis-
sociation into two particles. Since the UV spectrum of IV in MeOH was
practically the same as that of KI 3 (30), one of the particles from IV is
15 • Similar spectra (indicative of I3 ) were obtained in less polar sol-
vents, although the bands were slightly shifted in position. The
spectrum of I 2 in these solvents was markedly different from that of IV.
The second particle from IV (and by analogy from the other similar salts)
must be (by difference) a cation with the general formula A2H+ (VIII).
The cation exists as such in solution, i.e., the IR spectra are character-
istic of the cation.

2) Dicyclohexylurea . The IR evidence presented in favor of N-
protonation, resting primarily on the observed shift of the carbonyl
stretching band to higher frequencies when amides are converted to their
salts, is difficult to controvert if it can be proved that the bands in
question are, in fact, due to carbonyl stretching motions.

Stewart and Muenster undertook to check the identity of these bands
by use of 18

(21) . The p-toluenesulfonate salt of dicyclohexylurea was
found to have a band at 1669 cm x

, commonly attributed to carbonyl
stretching in amide salts, which, however, underwent no isotopic shift

„

3) N-methylformamide . Praenkel and Franconi also determined
the NMR spectrum of N-methylformamide (NMP) (9) 3 which consists of a

single unresolved line for CH, a broad band for NH, beneath the CH line,
and a quadruplet for NMe . The main splitting is due to coupling between
NH and Me, while the narrow doublets arise from coupling between formyl
and methyl protons. This pattern of lines collapses into a single un-
resolved line in the presence of D20, weak acids and weak bases, while
the NH absorption disappears. In 100$ H2S04 the N-Me splittings return.
By comparison of this result with pure NMP, the formyl-methyl coupling
constant increases from 0*4 to 1.1 cps

.
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4) N-methylacetamide . The work of Mizushima, et. al., who
studied the UV absorption of N-methylacetamide (NMA) in acid, appeared to
indicate N-protonation (18) . For 0.008M aqueous amide and for dilute
acidic solutions no absorption maximum was found at a wavelength longer
than 2100A . If, however, the amide and acid concentrations were raised

weak absorption was observed at 2695 1 10 A.
determined the NMR spectrum of NMA in the
media, and in water at pH 7 (8) • It consisted
for acetyl methyl and a doublet for the N-Me
into a singlet in the presence of most acids

2M NMA, 5M HCl), another
Fraenkel and Niemann

liquid state, in nonpolar
of three peaks, a singlet
hydrogens, which collapses

R-C=0 H-N-R

R'-N-H
I

H

VIII

I

-0=C-R

R

R

H H
^N-R '

I

-O^R

+

and bases in D2O . The N-H peak is quadrupole broadened and is observable
only in the pure compound. In 96-100$ H2SO4 the Me doublet returns, as
does the N-H absorption. The doublet peaks are of equal amplitude with
about the same separation as in the pure liquid. In D2SO4 the N-Me doublet
again collapses.

B . Interpretation of Results
1) N-t-butyTacetamide . By analogy with the structures proposed

for dimers of the carboxylic acids (31) and for 5-valerolactam (32), the
following structure was proposed for _
the cation A2H+ . Structures with a

single hydrogen bond were considered
unlikely, since MeC0NEt 2 did not
form a 2:1 complex with HBr, whereas
complexes of this type were prepared
containing MeCONHCMe 3 alone as well as
those containing 1 mole of this amide with 1 rnole of MeC0NEt 2 » In view
of the molecular weights in MeCN and the similarity of the IR spectra in
MeCN and in the solid state, the cation is not polymeric in nature.
Edward, et. al., (l4) have cited this work of White (19) as evidence of
N-protonation. However, they are in error for the following reason:
Whether the RCONHR ' of VIII is protonated on the or N during hydrogen
bonding to another molecule of RCONHR'
depends on the relative energies of the
systems VIII and IX. Whether RCONHR'
is protonated on the or N depends on
the relative energies of the systems
a and b „ VIII being lower in energy
than IX does not preclude b being lower
in energy than a

.

2) Dicyclohexylurea . One can
band in dicyclohexylurea p-toluenesulfonate is not, in fact, caused by
a carbonyl stretching motion and its location at higher frequencies than
the amide I band in dicyclohexylurea does not constitute support for the
idea of N-protonation of amides. The IR evidence, in fact, supports the
idea of O-protonation of amides . It is true that an 0-H stretching band
cannot be detected in the IR (33) but this band may be shifted and masked
by the broad N-H absorption. Furthermore, hydrogen stretching bands are
sometimes of very low intensity in organic cations (21) . The isotopic
shift in dicyclohexylurea p-toluenesulfonate from l437 to 1427 cm 1

probably corresponds to 0-H bending (34) and the isotopic shift from
1135 to 1129 cm x can also be explained on the basis of O-protonation
since C-OH stretching vibrations are usually found in this region . The
first band in the carbonyl region of urea and dicyclohexylurea p-
toluenesulfonates may be due to N-H bending increased in frequency by
strong inner hydrogen bonding with the tosylate oxygen atoms. This
result casts doubt on the previously presented IR evidence supporting
N-protonation in other systems

.

IX

conclude that the 1669 cm
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3) N-methylformamlde . The site of protonation of N-methylaraides
may be determined from these data by a line of reasoning similar to that
applied for N,N-dimethylamides . The NMR spectrum of NMFH+ is very similar
to that of NMF; and, as no separate OH line could be found, the results
are quite consistent with O-protonation together with fast proton exchange
on .• The increase in the Me-formyl coupling constant between NMF and
NMFH+ follows that found for DMF . It is considered that the increased
double bond character in the two protonated species might possibly account
for the change in coupling constants

.

4) N-methylacetamide . The significance of the band at 2695A
can be discussed in terms of the band observed at 265OA for a 0.17M aqueous
acetone solution. Here, one of the oxygen lone-pair p electrons is trans-
ferred to an excited state (antibonding iru orbital). The orbitals
(approximated by linear combinations of the outer shell atomic orbitals
of C and 0) used in describing the ground and excited states in acetone
and N-protonated NMA are expected to be very similar. So is the corres-
ponding excitation energy. Thus, N-protonation can explain the observa-
tion that the band comes at almost the same place in neutral acetone and
protonated NMA. One would not expect the band to be in the same place
as in acetone for either neutral or O-protonated NMA, since the molecular
orbitals here must be formed by use of atomic orbitals of N, as well as
C and 0.

However, Bello has been unable to confirm the band reported at
2695A (55).

The NMR results of Fraenkel and Niemann (8), especially the N-Me
doublet in 96-100$ H2SO4; are consistent with O-protonation. There
can be only one proton on N; the other must be on 0.

V. N-METHYLAMIDES AND CRITICISMS OF STRUCTURAL PROPOSALS
Spinner attempted to resolve what he thought to be the apparent

contradiction between IR and NMR results (13) : The NMR spectra do not
show the signal of the proton that has added to the basic site; thus
there is no direct evidence of a hydroxylic or nitrogen-bound proton .

O-protonation was postulated soley to explain the splitting of the sig-
nal of the N-Me hydrogen atoms, observed frequently, but not invariably,
in protonated N-Me amides, the argument being that in a cation H0CR=NR'Me +
rotation about the C-N bond is restricted by virtue of its partial or
complete double bond character (possibility of cis/trans isomerism, etc.)
while in ions I and II there is free rotation about the Cco~N bond

.

However, this latter assumption is considered by Spinner to be fallacious:
Even in MeCHO, MeCOF and MeCOCN, there are barriers restricting rotation
(36), of 1.08-1,35 kcal/mole, because a CH bond tends to eclipse the C=0
bond; for the restricting barrier in F3CCHO (37) the ("somewhat doubtful")
very high value of 9-8 kcal/mole has been proposed. Furthermore, rota-
tional isomerism in substances of the type RC0CH2X, due to restricted

Rx
C^0 R^/0 R

\C^°
R-^^0

H-H+CH3 H-N±H N+ Jl+

A k H^CH3 CH3JNH
H3

(I) trans (I) gauche (II) trans/ (II) gauche/gauche
gauche

rotation about the Cqq-Cqx bond, often has been observed by IR techniques
(38) . Rotation about the Cco~N+ bond in ions of the type I and II must-
be similarly restricted: an N+ -Cjy[e or N+-H bond will tend to eclipse the
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C=0 bond . The possibilities of rotational isomerism thus arising can
explain all the splittings of NMR bands observed in protonated amides,
according to Spinner . An N-protonated mono-N-methylamlde (i) can exist
in a trans (i) or in a gauche (II) conformation (trans arrangement of the
R-C-N+-C or of the R-C-N+-H chain). The N-Me proton signals should be
different in the two forms. In the trans form of I, which should be
energetically preferred, by analogy with neutral N-methylacetamide (l8),
two separate NMR signals are to be expected, the fine splitting being
due mostly to interaction with the protons attached to the N+ atom. When
the latter are replaced by deuterons, which appear to interact weakly
with protons (8) (possibly on account of the fast nuclear quadrupole
relaxation of deuterons) (39) > most of the splitting should disappear, in
agreement with observation (cf . the NMR spectra of NMA (8) in H2SO4 and
D2SO4) . (It should be noted that the NMR spectrum of neutral NMA consists
only of a spin-spin doublet caused by Me~NH interaction . The compound
exists almost entirely in the trans form, so that a quadruplet is not
observed. It is this spin-spin splitting which disappears in D2SO4

.

)

An N-protonated N,N-dimethylamide (II) can exist in a trans/gauche or in
a gauche/gauche conformation; the former should be more stable and more
abundant. The proton signal from the trans N-Me group should differ from
that from the gauche Me group, just as the proton signals are different
for the trans and cis N-Me group in a neutral N,N-dimethylamide . How-
ever, the difference between a trans and a gauche position (rotation
of 120°) is smaller than that between a trans and a cis position
(rotation of l8o°); the splitting of the N-Me signal might therefore be
expected to be smaller in the (n-protonation) cation than in neutral
DMA; this is, in fact, always the case (8).

Fraenkel, Loewenstein and Meiboom (46) have presented evidence
against Spinner's suggestion (36) that NMR evidence for O-protonation
in NMA and other amides is inconclusive. As they have shown previously
(8,13), the N-Me proton resonance of this molecule in very acidic solu-
tion consists of a symmetrical doublet presumably due to spin-spin
interaction with a single N-hydrogen . Spinner, however, interprets
this doublet as being due to nonequivalence of the Me groups in different
isomeric forms resulting from hindered rotation. Fraenkel, Loewenstein
and Meiboom point out, however, that the symmetry of the doublet makes
such an interpretation highly improbable as the equal intensity of the
components would lead to the conclusion that the two isomeric forms
have very nearly the same free energy. Two experiments were performed
to show unambiguously that the splitting of the N-Me resonance in pro-
tonated NMA is due to a spin-spin interaction rather than a chemical
shift. The N-Me resonance of a solution of NMA in 100$ H2S04 consists
of two equal lines while in 100$ D2SO4 the same resonance consists only
of a single line . The separation of the N-Me doublet in protonated NMA
is independent of the magnetic field (3=7 - 0.3 cps both at 30 and at
60 Mc) . It is therefore clear that NMA protonated predominantly on 0.
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THE NATURE OF ADSORPTION OF ORGANIC MOLECULES

Reported by A. R. Stein October 23, 196l

Part of a liquid, gas or vapor brought into contact with an "evacuated
solid" (i.e. one in which not all active sites are occupied) is taken up
by this solid. If this material is taken up strictly on the surface, be
it an external or an internal surface, adsorption has taken place. In
absorption, however, the absorbed material penetrates into the force
fields which exist between the atoms, molecules or ions of the absorbent.

HISTORICAL DEVELOPMENT
Although the phenomenon of adsorption was first observed by C. W.

Scheele in 1773, the first systematic study was undertaken in l8l4 by
de Saussure (1) who was able to correlate adsorption with physical
properties . He found for example that the most easily condensed vapors
are adsorbed in the greatest quantity under fixed conditions. Liifc^le

work on the nature of adsorption was published until Davis (2) expressed
his solid solution theory to explain the slow secondary adsorption found
with charcoal adsorbents (3) • The solid solution theory was directly
opposed to the theories of the Freundlich school (4) who maintained that
adsorption was exclusively a condensation on the surface. This conflict
raged until Schmidt-Walters (5) proposed that all known slow secondary
adsorptions could be explained by solute entering the small pores of the
adsorbent or by a reaction on the solid surface

.

The work of Robertson (6); who pointed out the similarities between
adsorption and chemical reactions and proposed that in adsorption defi-
nite chemical compounds are formed; together with the repudiations of
Freundlich, Landersteiner , Bayliss and Mecklenburg (7), led finally to
the conclusion that there are two types of adsorption: physical adsorp-
tion in which the forces are like the weak interactions in liquids and
chemical adsorption (or chemisorption) where the interactions are like
weak chemical bonds.

It is unfortunate that this differentiation between chemical and
physical adsorption arose because there is no sharp division between
them. The van der Waals type forces (quadrupole, and permanent and
induced dipole interactions) of physical adsorption are opposed to the
hydrogen bonds and ir electron complexes of chemisorption. The problem
of distinguishing between physical and chemical adsorption is effectively
the problem of determining when a dipole interaction becomes an electron
sharing interaction. The heats of adsorption are most usually used to
determine whether physical or chemical adsorption is involved . The
approximate values are 5-15 kcal/mole for physical adsorption and 20-
30 kcal/mole for chemical adsorption . Recently Kipling and Peakall
(8) have attempted to set up criteria based on rates of desorption for
determining definitely whether physical or chemical adsorption is involved
but, at present they are the only authors who adhere strictly to these
criteria

.

Anyone wishing to pursue the distinctions between physical and
chemical adsorption is referred to the discussions of deBoer and of
Cassidy (9)- For a discussion of adsorption isotherms, their usual
shapes and their equations, the reader is referred to any good physical
chemistry text. Giles (10) has recently published several qualitative
papers on the shapes of adsorption isotherms and the conclusions to be
drawn from each shape as to the mechanism of adsorption and the orienta-
tion of adsorbed molecules

.
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PHYSICAL ADSORPTION
Depending as It does on the

physical adsorption is difficult
been limited to the orientations
surface. Binford and Gessler (l

unsaturated polymers (butyl and
from hexane solution . As can be
degree of unsaturation over the
to the adsorption but the molecu

complex interactions between molecules,
to study. Most mechanistic studies have
of adsorbed molecules on the adsorbent

l) studied the adsorption of long chain
polyisobutylene rubbers) on carbon black
seen from Table I and Figure I, the

range studied is of little importance
lar weight is of great importance.

TABLE I

Polymer % Unsaturation Mol . wt

.

Max. Adsorption
g. polymer
g. carbon

No. of CH2 's

Adsorbed
g. carbon

a 1.88 525,000 6.2 x 10" 2 2.7 x 10 21

b O.89 525,000 6.2 x 10~~ 2 2.7 x 10 21

c i.6h 18,000

d 0.05 14,000 7-2 x 10~ 2 5.1 x 1021

e 2.29 8,800

f 0.08 8,500 7.7 x 10" 2 5.5 x 10 21

g 0.08 5,100 7.7 x 10~ 2 5-5 x 10 21

The carbon black used
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was shown to exist in the
form of essentially spheri-
cal) particles which were 25-
50 mu. in diameter (12) . From
the specific gravity value
of I.85 (15), the particle
diameter and the size of the
carbon atom, the number of
surface carbon atoms is found
to be 5.1-2.5 x 10 21 per
gram. The near one to one
ratio of surface to adsorbed
carbons (Table I) indicates
that the polymer chain must
be parallel to the surface.

Previous work by Graham
and Hansen (l4) with the ad-
sorption of aliphatic acids
and alcohols on carbon from
aqueous solution is sum-
marized in Table II and
Figure II . At low coverage
of the surface, a comparison
of the areas occupied per
molecule of the lower alipha-
tic alcohols and acids with
the areas occupied by the
paraffins indicates that the
acids and alcohols must be
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TABLE II

No. of
Carbon Atoms

1

2

3
4

5
6

7

Molecular Areas Occupied In A
Paraffin | Dilute Mono-Laye r

-

; '

15-5
23-5
31.5
39-5
47-5
55.5
63.5

ROH

15
22
29
33
38
38

R'COOH

38
46

Cone. Mono-layer
ROH

21
25
28

TTCTOFF

22
23
23
35
36
35

*The break point In the reciprocal plot (See Figure II)

Coverage at
transition*
ROH

0.90
0.91
0.92

R'COOH

0.78
0.64

FIGURE II
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adsorbed flat with the oxy-
gens taking about as much
space as a CH2 group. Thus
the areas occupied by acetic
acid and butane are very
similar for low surface cover-
age. As the surface concen-
tration increases beyond the
break point in the reciprocal
plot, the carbon chain
appears to "peel off." Since
water is the solvent, It
seems probable that the
polar end of the carbon chain
peels off to stick out into
the solvent as is the case
for acids (soaps) on the
oil-water interface (9b)

.

Thus at the break pointy
butanolj pentanol and
hexanol are adsorbed at 3-4

carbons and at higher coverage, only two or three carbons remain on the
surface

.

V. F. Kiselev, et al. (15) found that for the adsorption of alcohols
on Si02 from hexane, a similar peeling off takes place. Here, however,
since the S102 surface is a better H-bonding surface (see Chemisorption
below) and the non-polar hexane can interact best with the carbon chain
through van der Waals type forces, it is proposed that the hydroxyl end
of the carbon chain remains on the surface. Other examples of peeling
off have been reported for the adsorption of cyclohexene on alumina from
heptane (16,17). At low coverage, area studies show that the ring is
adsorbed flat. At high coverage, the ring is adsorbed edge-on, probably
with the double bond in a it electron complex with the AI2O3 surface
(see Alumina below)

.

Many authors have reported a physical adsorption over a chemisorbed
layer (9,15*18,19; 20) . Sometimes this second layer Is as a mono layer
which gives rise to a second plateau in the adsorption isotherm (10, 18).

CHEMISORPTION
Silica gel has proven to be the simplest of the common adsorbents

to study. Since it may be obtained transparent or as very small particles,
infrared and ultraviolet studies may be performed readily. Such an
infrared study of the water-silica gel system enabled Jones and Renesi
(21) to finally establish that water on the silica gel surface exists
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solejy as SiOH groups. The infrared spectra of silica gel before and

after D2 treatment to replace any mobile hydrogens, were identical

FIGURE III
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except that the 0-H band between 3^00 and 3800 cm" 1 was completely re-
placed by the 0-D band centered about 2700 cm 1

. Since only the 0-H band
was affected, the water must exist solely as SiOH groups which must be
on the surface because the H-D exchange was rapid . The following surface
reaction for chemically bound water is then proposed .

\
SiO + H2 jsi:

.OH

-OH

The general acceptance of the concept of hydrogen bonding together
with the often illustrated acid nature of the SiOH proton (22) led to a

quick acceptance of the hydrogen bond as a major force in chemisorption

.

A. V. Kiselev, et al. (25) were the first to find that the removal of
surface -OH groups from S10 2 by dehydration reduced the amount of
adsorption. This decrease was much greater for those adsorbates capable
of H-bonding. Near linear decrease in the maximum adsorptions were
found by V. F. Kiselev, et al. (24) for alcohol adsorption. Shcherbakova
and Slovetskaya (25) report that after methylation of the SiOH groups
with CH2N2 or S0C1 2 followed by MeOH, the quantity of MeOH or benzene
adsorbed was greatly reduced. In fact, the sum of the number of milli-
moles of MeOH in the methylation and the number still adsorbed was
nearly identical to the number adsorbed by the untreated surface. Simi-
lar results have been noted for the Al 203 surface (22b, 26).

Noting spectral similarities between aromatic compounds adsorbed on
silica gel and the ir complexes of the aromatic hydrocarbon-HCl type (29),
A. V. Kiselev (22c) proposed H-bondlng from the SiOH group to the ir

electrons of the aromatic system. [With chromatographic alumina which
has very few surface hydroxyl groups, there is probably a "polar com-
plex" between the alumina and the ir electron system (30,51)-] That H-
bonding to ir electrons is definitely a factor in chemisorption was
shown by Filimonov and Terenin (22b) who studied the infrared spectra
of mesitylene, N0 2 4>, 4 r^0, EtOEt, dioxane, <t>-NH2 , N,N-dimethylaniline,

U^H
MeOH, EtOH, etc. on silica gel. In- all cases the band for the non-H-
bonded SiOH group decreased rapidly to zero with the adsorption of a
molecule containing electron donor atoms or ir electron systems

.

Thus far, the van der Wa£ls forces and the H-bonds and ir complexes
have been treated as separate entities. That physical and chemical
adsorptions can and do cooperate is best indicated' by the example of
benzene and hexane adsorbed on silica gels of various degrees of hydra-
tion. Beliakova and A. V. Kiselev (32) found that the concentration of
surface SiOH groups decreased with the baking temperature (under vacuum)
as in Figure IV, while the surface area remained nearly constant until
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about 1,000° C. Figure V shows the benzene isotherms on silica baked at
the temperature indicated. A ten fold change in the surface concentra-
tion of SiOH groups corresponds to a 3-5 fold change in the amount of

FIGURE IV FIGURE V
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benzene adsorbed (p = 0.1) while the adsorption of hexane actually in-
creased slightly. At very low surface SiOH concentration (950°), the
isotherms of benzene and hexane were nearly identical in shape. Thus
when the additional interaction, of the ir electron complexing is eliminated,
both hexane and benzene are held solely by van'der Walls forces. Most of
the conclusions reached for silica can be applied to other adsorbents.
Some differences become apparent however and these can best be explained
by briefly considering some individual adsorbents .

ALUMINA
Because of aluminum's empty d-orbital, alumina can enter into a

w electron complex with ir electron systems. In most cases this ir

complex behaves very much like an H-bond to these ir electrons . The
Al = group can also act as an electron donor to form H bonds to pro-
ton donor groups in the solute (30, 3^) • Proton acceptors show little
affinity for the alumina surface and are probably adsorbed at the few
surface hydroxyls present (50) . Krause and ZieliOski (33) report only
one -OH per 88 mu.

2 on their AI2O3 whereas Beliakova and A. V. Kiselev
(32) had one -OH per 1.4 mo.

2 of surface area on their original silica.
An additional problem was found for the adsorption of alcohols on

AI2O3. Kipling and Peaka 11 (l8) found that the adsorption of alcohols
on AI2O3 was still continuing slowly at the end of three weeks whereas
all previous systems studied had reached equilibrium in minutes or, at
most, hours. The reaction -Al = + ROH ->

fl1
^0R, which leads to

A1X)H
covalently bound alcohol, was proposed on the basis of the following
results: Alcohols are not covalently bound to the hydrated surface
A1(0H)3 (but can be chemisorbed through H-bonds). AI2O3 left in alcohols
for extended periods became covered with a monolayer of chemically bound
alcohol which could not be stripped off by evacuating at moderate
temperatures. The alkylated surface showed a marked preference for the
adsorption of alcohol from an alcohol-benzene mixture, presumably be-
cause the -OH formed in the alkylation was available for H-bonding.
Preferential van der Wails attraction between the carbon chains of the
adsorbed and bound alcohol could not alone account for the preferential
adsorption of the second layer.
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Babushkin and Uvarov (20) report a close similarity between the
infrared spectra of EtOH adsorbed on AI2O3 and Al (0Et) 3 . Since they
report no water bands, --0H probably does form. Similar results are

Alv
X)Et

obtained by boiling SiC>2 in anhydrous alcohols but the o^-^OH forms to
-OR

a smaller extent (19) • For more information about A1 2 3 adsorbents as
well as other adsorbents, the works of C. H. Giles are recommended
(10,35).

CARBON ADSORBENTS
Charcoals vary enormously in composition. The ash content may

vary from less than Ifo for sugar charcoals to greater than 90fo for
some bone and shell charcoals. This ash can be of any composition:
silica or aluminosilicates, magnesium, calcium, iron and other metal
oxides and salts. Any of these could play a role in adsorption. In
fact, these metal salts have often been suggested as the active sites
in charcoal (9>10).

Carbon black is generally considered to be quite uniform and to
present a simple surface. Carbon black is, however, a mixture of high
molecular weight compounds containing principally carbon with as high
as 30$ oxygen and several percent hydrogen among other elements (12) .

The oxygens are linked by the usual covalent bonds to form carbonyl,
carbinol and carboxyl groups (37) • Purl, Murari and Singh (36)
established that, for the adsorption of water and presumably other H-
bonding compounds, the oxygen containing group of importance is the
carboxyl. They heated charcoals containing up to 30$ oxygen by weight,
at various temperatures in vacuum and found that most of the CO2 was
stripped off before the CO and H2O came off appreciably. The amount of
water adsorbed by the treated charcoal decreased with the amount of
C0 2 stripped off.

Attempts to correlate the free radical concentration on the surface
of carbon black with adsorption (38) indicate that these radicals may
be of importance in adsorption, especially for unsaturated compounds.
Heating carbon adsorbents increases the graphitization, with the expected
pore closures and changes in adsorption behavior. No quantitative
studies have been made of graphitization effects on adsorption,

OTHER ADSORBENTS
Generally the conclusions reached for carbon, alumina and silica

can safely be applied to other adsorbents. Clays are aluminosilicates
and show properties similar to silica (22b, 27^28). Cellulose has
numerous hydroxyl groups to hydrogen bond (10) and polyamides could be
expected to bind both to the nitrogen hydrogens and to the carboxyl
groups through H-bonds (10,39) • All of these absorbents and many more
not listed, bind the adsorbate by physical or van der Wails forces as
well as through H-bonds. The more polar adsorbent forms the stronger
dipole interactions (9)«~

The polyamides show particular promise as adsorbents in chromato-
graphy of more polar substances. A clean separation of 1,2,6-, 1,2,5-
and 1,3* 5-xylenols was accomplished by passing the hexane solution
through a few centimeter column of polyhexamethylene adipamide (39)

•

Phenol, o-cresol and m-cresol were similarly separated. The proximity
of the methyl group controls the amount of H-bonding possible by the
phenolic hydroxyl.

SOLVENTS
-Most of the solvent effects should be obvious. For example, on

alumina, proton donor solvents such as water and alcohols, compete much
more favorably with the solute for the surface than will non-proton dona-
ting solvents. Aromatic or other ir electron containing molecules can
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similarly compete favorably compared to aliphatic hydrocarbons. Proton
accepting solvents can compete with the AI2O3 surface for a proton
donating solute . Even the van der Waals forces between similar species
can be a problem. The van der Waals forces between an aliphatic solute
and an aliphatic solvent can favor elution in chromatography.

Because of these interlocking solvent effects, care must be exercised
in comparing results In which different solvents were used.

CONCLUSION
It is not possible to include many examples of the application of

the factors discussed for the explanation of orders of elution of
compounds in chromatography. Most orders are easily explained, however.
For example the order of elution benzene, toluene and then p-xylene from
charcoal (4o) can be explained as the inductive effect of the methyl
increasing the electron density in the ir cloud and hence the strength
of the bond due to the ir complex with the adsorbent. The results of
Petrov, ' et al . (4l) for the adsorption of hydrocarbons on S102 and
AI2O3 (below) are. readily explained since physical forces are weaker than
those in chemical adsorption and the more ir electrons that are
available, the stronger the bonding is to the adsorbent. Their order
was

:

Saturated <Q monocyclic polycyclic
hydrocarbons ^ ^-aromatics ^- aromatics

In attempting to predict whether a separation should be possible
and which species will be the first to be eluted, one must be sure to
consider all effects: the types of bonding possible and steric and
electronic effects on the bonding sites of the solute, the adsorbent
to be used and the nature of its surface (e.g. for SiOa* AI2O3, etc.,
how hydrated is the surface?) and the solvent to be chosen and its
possible interactions with both the solute and the adsorbent.
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THE NATURE OP THE GRIGNARD REAGENT

Reported by Farley Fisher October 30, 1961

The nature of the Grignard reagent has been the subject of many
investigations since the first research by Grignard (l) at the turn of
the century. Several reviews covering much of this work are available
(2, 3 , ^ , and others)

.

Grignard first wrote his reagent as CH3MgI, but this was apparently
intended to represent only the stoichiometry of the reagent R , n -o

(1). Jolibois (5) favored writing the formula as R2Mg-MgX2 .

2
M
^

In 1921, Meisenheimer (6) proposed the structure I, which
R)

~,' ^\y
became the most popular of the early formulations. 2

Schlenk and Schlenk (7) discovered that the addition
of dioxane to a solution of Grignard reagent in ether caused the precip-
itation of magnesium halide, leaving dialkylmagnesium in the ethereal
solution, A similar result could be obtained by allowing the ethereal
solution (without dioxane) to stand for about two days. To explain
this phenomenon, they proposed the so-called Schlenk equilibrium;

2 RMgX —^ MgR 2 + MgX2 or (l)

R2Mg*MgX 2 ^ MgR2 + MgX 2 (2)

They felt that only one of these equations was applicable, but were un-
able to decide between them. However, they expressed a preference for
the former.

The Schlenk equilibrium, particularly in the form (l), was soon
recognized as the key to the behavior of Grignard solutions, and for the
next thirty years almost all work on these solutions was correlated with
it.

One of the obvious consequences of the Schlenk equilibrium in either
of its forms is the prospect of making true Grignard solutions by mixing
equimolar amounts of dialkylmagnesium and magnesium bromide. That this
does, indeed, give a solution with the same reactivity as the classical
Grignard reagent has been shown by Wotiz, Hollingsworth, and Dessy (8),
who found that equilibrium mixtures of diethylmagnesium with magnesium
bromide in ether solution and of the classical Grignard reagent pre-
pared from ethyl bromide with added magnesium bromide exhibited the same
reactivity toward 1-hexyne, provided only that the Br/Mg ratios were the
same. Pure diethylmagnesium was three times as reactive as the pure
Grignard reagent; the reactivity dropped gradually as magnesium bromide
was added . The equilibrium was rigorously established over a two-week
period, but was virtually established after ten minutes.

Physical support for the hypothesis that the two methods of pre-
paration give the same reagent has been reported by Dessy (9), who
found that the dielectric constant of mixtures of diethylmagnesium and
magnesium bromide in ether showed a distinct break at a 1:1 ratio of the
two components, suggesting that a stable 1:1 complex was formed. Further-
more, the Grignard solution prepared in the usual fashion had the same
dielectric constant as this complex. Equilibrium appeared to have been
attained after thirty seconds.

Grignard solutions show specific conductances of the order of 10 5

to 10 4 ohm -1 cm. x in ether (10) . These conductances are clearly
functions of the Grignard concentrations and of the nature of the alkyl
groups. Dessy (ll) has measured the conductances of mixtures of diethyl-
magnesium and magnesium bromide. These values are given in Table I.
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TABLE I

XTURES OF Et2Mg AND M

KV° 4

MgBr 2 ohm cm.

0.000 0.092
0.139* 0.056
0.500 2.26
0.500 1.15
0.500 2.57
0.125 0.370
0.250 6.89
0.750 2.30

cone, (moles/l
.

)

Et 2Mg

0.500
0.000
0.500
0.250
0.750
0.500
0.500
0.500

^saturated solution

passes through a maximum in the neighborhood of
2 Et 2Mg : 1 MgBr 2 . Dessy did not obtain the same specific conductances
for a solution 0.5M in diethylmagnesium and . 5M in magnesium bromide and
a solution 1.0M in ethylmagnesium_bromide prepared in the classical_
manner. The values are 2.26 x 10 4 ohm 1 cm .

1 and 0.6l x 10 4 ohm x cm .

1

respectively . The latter figure agrees well with that of Evans (10)

.

Both values are reproducible. Examination of Table I suggests that it is
unlikely that minor variations in the concentrations of either constituent
of the supposed complex would give this discrepancy. It is difficult to
envisage side reactions in the formation of Grignard reagents from alkyl
halides that would be of such order of magnitude as to cause the conduc-
tance to drop to less than a third of its proper value. This appears to
be ground for questioning the identicalness of these two solutions . Even
though they show similar reactivity toward certain substrates and have a

bulk physical property (e . g. dielectric constant) in coincidence, they
may still be different solutions with different (or different amounts of
the same) components.

It has been claimed that dimethylmagnesium reacts fifty times as
fast as methylmagnesium iodide with carbonyl compounds (12) . The rates
of reaction of methylmagnesium iodide with acetone and with ethyl acetate
were zeroth order in substrate and first order in Grignard reagent. It
was assumed that dimethylmagnesium was the reactive species in both the
Grignard and the dialkylmagnesium reactions, and that the rate-
determining step in the Grignard reaction was the dissociation

(CH3 ) 2Mg-MgI 2 -> (CH3 ) 2Mg + Mgl 2 (3)

It is difficult to ascertain the significance of these data since the
experimental details have never been published; they suggest that the
Schlenk equilibrium, if it exists, lies so far to the left as to be
unimportant except under forcing conditions, when" it may be represented
by the irreversible reaction (3)«

The frustration of efforts to measure the Schlenk equilibrium con-
stant by precipitation with dioxane has been reported (13) • The compo-
sition of Grignard solutions changed rapidly with time following the
addition of dioxane. Dialkylmagnesium which precipitated with the
magnesium halide returned to solution on standing or shaking. The
effect is too great to be explained by occlusion, but can be explained
by an equilibrium shift which is fairly slow under these conditions .

The separation of magnesium bromide from dialkylmagnesium by pre-
cipitation with dioxane can be made into an essentially quantitative
technique (l4, 15) . Although satisfactory for the preparation of
dialkylmagnesium, it now affords little promise as a means of investigating
Grignard solutions.
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In 1957; the first magnesium exchange experiment on Grignard reagents
was published (l6). This consisted of the preparation of a "Grignard
reagent" from Mg -labelled magnesium bromide and unlabelled diethyl-
magneslum, followed by its decomposition back into magnesium bromide and
diethylmagnesium by addition of dioxane . No more than 10$ exchange of the
magnesium label had occurred after ten minutes . The work was later
extended to phenyl Grignard with substantially the same result (17)

•

However., when an attempt was made to repeat the experiment with a stable
Mg25 label, 100$ exchange was observed. This was attributed to the trace
impurities in the Mg25 .

The interpretation of these results warrants some discussion. They
indicate that dialkylmagnesium and magnesium bromide, when of proper
purity, will not exchange magnesium rapidly. This suggests that there is
no species of any importance in these solutions in which the two magnesiums
are equivalent (e. g. EtMgBr) . It is still consistent, though, with an
associated species of the type Et 2Mg-MgBr 2 in which the two magnesium
atoms are distinctly different. Hence, the Schlenk equilibrium in the
form (2) is clearly compatible with these experiments. However, since
some exchange was observed, and since magnesium bromide containing
different impurities gave complete exchange, one can interpret the results
in terms of an equilibrium involving EtMgBr (or PhMgBr), providing that
this equilibrium is attained very slowly in the absence of an appropriate
catalyst. Dessy (17) determined that the common Mallinckrodt "Grignard
grade" magnesium contained no such catalyst. His conclusion that RMgX
is, at most, an unimportant by-product in Grignard reactions is justified
only if two conditions hold. The first is that a 1:1 mixture of dialkyl-
magnesium and magnesium hallde is indeed the same as the classical
Grignard reagent in all respects . There is no reason to believe the
reacting species in all Grignard reactions to be the same. Nor is there
any reason to assume reaction with terminal acetylenes or variation of
dielectric constant is typical of Grignard behavior. Certainly, RMgX is
not important in the reaction of Grignard reagents with terminal acety-
lenes, but this is not necessarily general. The second condition is that
no catalyst for the formation of RMgX be present. If such a catalyst
were present, it might be possible for RMgX to be the reactive species.
Such catalysts could conceivably take the form of free alkyl halide or,
in certain cases, of the substrate (ketone, nitrile, etc.).

Be this as it may, recent work on the nature of Grignard reagents
has adopted the hypothesis that the common formula is not a satisfactory
representation. The favored structures have been of a dimeric type,
usually employing halide bridges as in structures II and III. Structure

R-Mg JMg-R yyig >ig
'NT r xr
II III

II is of the form (RMgX) 2 , with the two magnesium atoms equivalent. The
case for it is summarized by Zeil (l8) . Structure III is of the form
R2Mg-MgX 2 first proposed by Jolibois (5). One would expect such a

structure to be a fairly strong Lewis acid and to coordinate with an
even slightly basic solvent.

The apparent preference of organic chemists for halogen bridges over
alkyl bridges may not be justified in fact. Van der Kelen (19) has
conducted a study of the Raman spectra of the methylaluminum halides and
has reached the conclusion that when a possibility for both methyl and
halogen bridging exists, bridging actually occurs only through the methyl
groups. However, it is not known whether or not this persists with
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higher alkyl groups. But since the argument for bridging in magnesium
compounds rests largely on the analogy to known bridged beryllium and
aluminum compounds, it is possible that alkyl bridges play a larger role
in Grignard reagents than that commonly attributed to them.

In the electrolysis of aliphatic Grignard reagents, magnesium is
plated out at the cathode and a mixture of alkanes, alkenes, and, some-
times,, hydrogen is released at the anode (20, 21). One equivalent of
magnesium is released per faraday. Dessy (17) has made transference
measurements on an equimolar mixture of diethylmagnesium and radioactive
magnesium-28 bromide. His results are summarized in Table II.

TABLE II

TRANSFERENCE DAT£ > ON 1: 1 Et 2Mg AND Mg'
28Br 2 IN ETHER

mequiv

.

of meit<2rial meq. gained or lost
initial fineil

cat

.

mid . an . plate cat

.

mid . an . cat

.

mid . an .

Et 3*0 4.0 3.0 0.8 4.4 4.4 -2.2 +0.4 +1.4
Br ^.0 4.0 3-0 2.6 4.1 3-3 -0.4 +0.1 +0.3
Mg 6.0 8.0 6.0 0.4 3.4 8.5 7-7 -2.6 +0.5 +1.7
act .* 357 357 357 44 255 218 565

^specific activity In counts/min ./mg . magnesium corrected to
time of counting

These data are consistent with those Evans (21) measured on butyl-
magnesium bromide prepared in the classical manner. Evans, in addition,
noted that when there was a large excess of bromide in the original
solution, there was a large net migration of bromine to the anode com-
partment. From Table II, it should be noted that there is a net migra-
tion of both alkyl groups and magnesium to the anode compartment; however,
the magnesium plate at the cathode originates from the diethylmagnesium,
while the label from the magnesium bromide travels toward the anode

.

The large amount of material transported to the anode compared to the
amount released at the electrodes suggests that the anion is a large
aggregate containing perhaps three to five "RMgX" units. At the present
time there appears to be no simple explanation for these phenomena

.

Lanpher (22) has evaporated allylic Grignard solutions and vacuum
heated the residues to obtain solid "Grignard reagents." These compounds
have essentially the same infrared spectra in Nujol as the corresponding
allylic alkylsodiums . These spectra include a single olefin band for
symmetrical and two olefin bands for unsymmetrical allylic radicals.
This may be evidence for an ionic structure for these reagents in the
solid form (where they are probably mixtures of dialkylmagnesium and
magnesium halide), but it is very unlikely that carbanions actually
exist in significant concentration in ether solution. (Trityl Grignard
is colorless in ether solution (3).)

Recently Bryce-Smith and Cox (23) have succeeded in obtaining the
heretofore elusive hydrocarbon Grignard solutions . Using cumene and
tetralin as solvents, they were able to prepare, for the first time,
alkylmagnesium halides in reasonable yield in the absence of added Lewis
bases. One would not expect these compounds to be strongly solvated by
the neutral hydrocarbon solvents . The compounds obtained were stable in
solution. They had a halide/base ratio of 0.33* suggesting the empirical
formula R3Mg2X . Their solubilities, although low, were still appreciable
and their solutions were very viscous, indicating that they were highly
associated . The authors were able to obtain a similar material by adding
cumene to ethereal butylmagnesium iodide and distilling away all of the
ether; this suggests that these compounds may indeed have been unsolvated
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Grignard reagents. Upon dilution, the reduced viscosity of the solution
dropped slowly for the first 24 hours, and then became essentially con-
stant; this suggests that the dissociation of the species present was
fairly slow. Although no definite structure can be proposed, it has been
hypothesized that one of the structures IV is that of the species present
in these solutions

.

v

>Ig'
N

Mg Mg'' Ylg'

IVa 'n IVb ' n/2

Vapor-pressure measurements were used by Slough and Ubbelohde (24)
to determine the degree of association of aryl Grignard reagents in ether.
In the complete absence of oxygen, the species studied had association
numbers of -2 in units of 'RMgX." (However, for p_-CH30C6H4MgBr , 1=1.) The
association numbers were increased slightly by the addition of magnesium
bromide. The presence of a small amount of oxygen increased the assoc-
iation number to ~6 for phenylmagnesium bromide and to ~4 for p_-tolyl-
magnesiurn bromide. The cause of this effect is not known.

Optically active alkyl halides yield only racemic products in
Grignard reactions (25) . Attempts to differentiate between the enantiomers
by having them compete for a limited amount of optically active substrate
have also led to racemic products (26) . At the present there is no reason
to believe that Grignard reagents have any optical stability at the site
of the organometallic bond. However, Cohen and Wright (27) have succeeded
in inducing optical activity in the products of the Grignard reactions of
2-chlorobutane with phenyl isocyanate and with carbon dioxide by the use
of optically active 2,3-dimethoxybutane in the medium. The same activity
in the products was observed in benzene containing one equivalent of (+)-
2,3-dimethoxybutane as in pure (+) -2,3-dimethoxybutane as a solvent.
Optically active methyl menthyl ether induced no activity in the products
when It was used as the reaction medium. This lends support to the
contention that basic ether from the medium is intimately involved in
the Grignard reagent in solution . However, the induction of optical
activity in reaction products may require chelation by the optically
active ether, hence the failure of methyl menthyl ether.

Hamelin (28) has proposed a qualitative theory to account for the
variations observed in Grignard reagents from solvent to solvent. A
brief outline of its essential points follows. Since magnesium has two
valence electrons in the 3>s_ shell, one would expect it to possess sp_

hybridization in its simplest covalent compounds. In accordance with this,
electron diffraction has shown the magnesium halides to be approximately
linear in the vapor phase (29) . However, where the possibility of co-
ordination with electron donors exists, magnesium can adopt an sp3 or,
if the Lev/is base is strong enough, an sp3 d 2 hybridization. Water is a
strong Lev/is base and forces magnesium into the octahedral (sp3 d

2
) form.

Most water-soluble magnesium salts, including the halides, give stable
hexahydrates . In Grignard reagents the tetrahedral ( sp

3
) configuration

is assumed to obtain. The structure may be represented in one of the
following manners

:

R Xx S R XN X ,S

Mg'' Mg' xMg' Mg' Mg'
IV S%

X^ NS Rx ^xS %X^ v£

V VI
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or, in general, as R 2Mg -n_MgX 2 '2S where S is the solvent and n_ is a small
number, usually 1 or 2. In order for the Grignard reagent to be stable in
a given medium, the solvent must be of the appropriate basicity. If the
solvent is not basic enough, the tetrahedral conformation of the terminal
magnesium atom is not stabilized and hence there is no driving force for
Grignard formation. On the other hand, if the solvent is too basic, both
metal atoms are promoted to the sp3 d 2 conformation, which weakens the
halogen bridges, These are then soon broken and replaced by additional
solvent. Hamelin assigned the following order of increasing basicity
with respect to Grignard reagents; benzene, toluene, anisole, diiso-
propyl ether, diethyl ether, di-n-butyl ether, tetrahydrofuran, dioxane,
pyridine. The basicity is related to both the electronic stabilization
of the dipole created by coordination and the steric interactions of the
solvent molecules with the alkyl groups and with each other. Thus,
diisopropyl ether is considered a weaker base than diethyl ether despite
the inductive stabilization of the additional methyl group, Tetra-
hydrofuran, however, is considerably strengthened as a base by having its
oxygen atom in a ring, minimizing steric effects. The optimum basicity
for the existence of Grignard reagents (i . e. where there is stabilization
of sp3 , but little tendency to stabilize sp3 d 2

) is thought to lie between
diethyl ether and dibutyl ether.

There are a few inconsistencies in the above argument, however. The
ability of a compound to promote magnesium to a higher state of hybridiza-
tion and the ability to form a coordinate bond with magnesium are both
manifestations of the basicity of the compound . Therefore it Is hardly
reasonable to expect that a solvent which can promote magnesium to an
sp3 valence state would be susceptible to displacement by magnesium bromide,
which Is not actually known to possess any basic character, Besides,
Bryce -Smith (23) has indicated that complexes of the Grignard type (if
they are complexes, and not single compounds) are stable even in the
absence of a basic solvent. Furthermore, if n>l In the formula
R2Mg*nMgX2 °2S, the mass balance requires that the elements of dialkyl-
magnesium be left in the solution without any halide with which they can
coordinate. Therefore the effect of coordinating more than one magnesium
halide molecule with a dialkylmagnesium molecule is the production of
more free dialkylmagnesium In the solution, unless, of course, one
modifies the hypothesis to permit alkyl as well as halide bridges.

It may be stretching a point to refer to the ability to promote
magnesium to the sp3 d 2 state as a basic property, since it appears that
here the steric factors completely overwhelm the electronic ones. The
only documented cases of octahedral magnesium involve ligands with fairly
small steric requirements, such as water and tetrahydrofuran. Indeed,
the data of Prevost (30) discussed below suggest that triethylamine,
otherwise a much stronger base than tetrahydrofuran, does not force such
a promotion. And, in any case, there is no reason to believe, even when
such an expansion of the magnesium valence shell does occur (with or
without concomitant dissociation of the complex), that this leads to
deactivation of the Grignard reagent. While it is true that Grignard
reagents behave differently in tetrahydrofuran from the way they do in
diethyl ether (31), this is not necessarily due to any change in the
activity of the Grignard reagent at all, but may be a solvent effect on
the Grignard reaction,

Hamelin (28, 32) has studied the composition of the solid deposited
by partial evaporation of a Grignard solution. The results for ethyl-
magnesium bromide in several solvents are given in Table III. The base
concentration, determined by hydrolysis of the Grignard with excess acid





and back titration, is a measure of the number of C-Mg bonds. The halide
concentration was found by silver nitrate titration to a conductometric
end point. The solvent was determined by difference. In solution, the
alkyl and halide concentrations are originally the same and the halide/base
ratio is ~1.0. (There may be some variation due to minor side reactions
such as alkyl coupling and disproportionation

.
) Notice that only for

diethyl ether can the solid be said to have the same composition as the
solution . It is questionable that one can deduce a meaningful portrayal
of the Grignard reagent in solution from such information

.

TABLE III

PROPERTIES OP SOLIDS DEPOSITED BY GRIGNARD SOLUTIONS

Solvent solubility* halide/base solvation**

Anisole <0.03 3-6 2.26
Diisopropyl ether 0.l4 1.25 1.23
Diethyl ether 0.71 1.08 1.23
Di-n -butyl ether 0-92 1.51 0.57
Tetrahydrofuran 0.12 2 Ao 4.9

Concentration of parent solution at saturation in moles of "RMgX"
per mole solvent

**moles of solvent per magnesium atom

Ilamelin interpreted these data by means of an increase in self-
association of the Grignard reagent as the solvent basicity became more
favorable, while with too basic a solvent the Grignard complex was broken
and the fragments were coordinated with solvent separately. However, be-
cause of the conservation of mass, this is equivalent to the seemingly
more reasonable assumption that the more basic solvent forced more dis-
sociation of the Grignard complexes, with the magnesium bromide formed
reassociating with an undissociated complex or with another magnesium
bromide molecule . This additional magnesium bromide fragment would pro-
bably have little effect on the chemical properties of the Grignard complex
since it would be somewhat removed from the reactive site. In other words,
there may be a cascade of equilibria of the type (4), which one would

RaMg-nM,. X 2 '2S + R 2Mg-MgX 2 -2S
\

R2Mg •
(n + 1 ) MgX2 • 2S + R2M g • 2S ( 4

)

expect to be solvent-dependent, present. However, if any one of these
complexes should be precipitated preferentially by concentration of the
solution, the equilibrium would be pulled in the direction of that com-
plex; this merely illustrates the futility of trying to obtain information
about Grignard solutions from precipitation data.

Prevost and Gross (30) examined the infrared spectra of allyl-
magnesium halides in diethyl ether, dibutyl ether, triethylamine, tetra-
hydrofuran, and dioxane in the C-C double bond region. They found a

concentration-independent band at 1588 cm. x in diethyl ether
,
_dibutyl

ether, and triethylamine. In dioxane this dropped to 1577 cm. 1
, and in

tetrahydrofuran to 1570 cm. 1
. The addition of tetrahydrofuran to an

ethereal solution of allylmagnesium bromide had no effect until two
equivalents had been added, after which the band gradually dropped to the
lower wave number, reaching it when four equivalents of tetrahydrofuran
had been added; additional tetrahydrofuran had no effect on the infrared
absorption . Similar behavior was observed with dioxane . These results
are interpreted in terms of a halide-bridged structure and indicate that
in diethyl ether, dibutyl ether, and triethylamine, no solvent is associ-
ated with the magnesium atom bearing the alkyl groups . In dioxane and
tetrahydrofuran, however, the solvent displaces the halide bridges. The
band lowering could also be explained by promotion of the magnesium to an
octahedral conformation in the presence of dioxane or tetrahydrofuran
without any displacement of halogen.





-44-

The rates of reaction of Grignard reagents with 1-hexyne are enhanced
when triethylamine is added to the medium (33) • Dialkylmagnesiums, how-
ever, react at the same rate in the presence as in the absence of the
aniine, Furthermore, in the presence of triethylamine, magnesium bromide
activates the dialkylmagnesium (3*0 • Ordinarily, magnesium bromide
deactivates dialkylmagnesium (8) . Other tertiary amines have a lesser
similar effect, the order of effectiveness being about the same as the
order of basicity considering both electronic and steric factors. The
activation may be dependent upon the ability of the amine to separate
the magnesium bromide from the Grignard complex. The activation by
magnesium bromide which is unable to coordinate with the dialkylmagnesium
may then be a salt effect.

Roberts (35) has measured the nuclear magnetic resonance spectrum of
allylmagnesium bromide and found it to be of the type AX4 • This suggests
that there is no distinction between allylic and vinyl protons in this
compound. The ionic and symmetrical magnesium-bridged structures are
unlikely since there is no splitting of protons into cis and trans , as
might be expected from these. It is proposed that the equilibrium (5)
exists and is very fast.

CH2=CHCH2MgBr -—

^

BrMgCH 2CH=CH 2 (5)

However, with other allylic Grignard reagents the equilibrium
appears to lie far to one side. The major species present is independent
of which allylic isomer of the halide is used . The products from these
Grignard reagents are predominantly those expected from the secondary
Grignard reagents (36, 37, 38) . Nevertheless, physical evidence indicates
that these reagents exist in solution principally in the primary form.
The ultraviolet spectrum of cinnamylmagnesium bromide shows the chromo-
phore still intact (37) • The infrared spectrum of crotylmagnesium bro-
mide shows a strong C=C band at 1615 cm. 1 and a weak one at l64o cm. x

(38) . In alcohols made with this reagent (invariably with the structure
expected from the secondary allylic isomer, 3-butenyl Grignard) the l6k0
cm. 1 band is strong, while the one at 1615 cm. 1 has completely dis-
appeared, suggesting that the product does not have the same structure as
the Grignard reagent. The potentially symmetrical allyl and methallyl
Grignard reagents, however, show a single C=C band at 1580 cm. 1

. The
nuclear magnetic resonance spectrum of crotylmagnesium bromide also
indicates the primary structure (39) There is no indication of "freezing
out" of the other isomer down to -60 °.

It has also been suggested that propargylic Grignard reagents exist
in solution as the allenic form (40)

.

It would be an overstatement to say that the problem of the actual
nature of the Grignard reagent is near solution today. Recent work has
failed to confirm the existence or the nonexistence of the Schlenk
equilibrium, but has indicated that equilibrium involving a structure
containing only one type of magnesium atom, if it exists at all, is very
slow in the absence of a catalyst. Much of the data on Grignard reagents
can be explained with a halide-bridged dialkylmagnesium-magnesium
bromide complex, but there has been no convincing experimental evidence
for such a moiety. The spectra of allylic Grignard reagents indicate
that the alkyl groups are capable of interconversion, although the
mechanism for this is unknown. At the present time, such things as the
transference data on Grignard reagents and the effect of oxygen on
Grignard association do not seem to admit a simple explanation .
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SYNTHESIS OF TETRACYCLINES RELATED TO TETRACYCLINE ANTIBIOTICS

E. Coverdale November 6, 1961Reported by C.

INTRODUCTION
Among the most useful of broad spectrum antibiotics is a small group of compounds

derived from perhydronaphthacene called "tetracyclines". Since their discovery (l, 2),
Aureomycin and Terramycin, two of the most important members of the tetracycline
series, have been the object of intense efforts toward the structure elucidation of
these complex natural materials. Application of the newest methods, including x-ray
crystallography, have led to the following structures (3-8) -

Ra CH3 Rp \>CH3

OH OH

I Aureomycin Ri= CI; R2= H

II Terramycin R1= H; R^ OH

III Tetracycline Rx = Rs= H

While none of the naturally occurring tetracyclines have been totally synthesized, a

few closely related compounds, one of which exhibits biological activity, have been
synthesized. This abstract will deal with the synthesis of four compounds related
to tetracycline.

SYNTHESIS
Selection of a compound for synthesis is based upon the functional groups and

stereochemical features essential for biological activity in the natural material.
Investigation of modified tetracyclines for biological activity has revealed that
the correct (natural) configuration of the dimethylamino group at C-k, the hydrogen
atom at C~5a, and the hydroxyl group at C-12a are essential for full biological
activity (9, 10). In addition, the presence of the C-2 carboxamido group is essential

(9) while the removal of the C-6 methyl group and the C-6 hydroxyl group have little
effect upon the biological activity of the compound (11). Thus the compound 6-deoxy-
6-demethyl-7-chlorotetracycline TV possesses powerful antibacterial activity; this
compound also has only four asymmetric centers (C4, 4a, 5a, 12a), whereas natural
tetracyclines have five (C4, 4a, 5a, 6, 12a).

N(CH3 ) 2
CI

IV

The total synthesis of a compound such as IV can be arbitrarily divided into
three areas: synthesis of the polycarbonylhydronaphthacene framework, incorporation
of the dimethylamino group, and the stereospecific introduction of the hydroxyl group
at position 12a.
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Holmlund and coworkers (12) have reported 12a hydroxylation of 12a deoxytetra-
cycline using a buffered solution of sodium nitrite. Exclusion of oxygen or addition
of reducing agents inhibited the reaction. Hydroxylation of tetracyclines at

position 12a using organic peracids has been unsuccessful (13) , or the 12a epimer
is obtained (lk) . However, since the yields of 12a hydroxylated products are low,

(25-33$) > "the possibility of reaction at position 11a cannot be eliminated, even though
none of the 11a hydroxylation product has been isolated (12). This hydroxylation at
C-12a can also be effected with microorganisms under aerobic conditions (15).

Synthesis of the polycarbonylperhydronaphthacene framework is difficult and
most important since the stereochemistry at positions C-^a, C-5a must be introduced.
The construction of the polycarbonylnaphthacene framework will be discussed in the
order in which the rings were synthesized. Boothe, Kende, and coworkers (l6, 17)

synthesized an intermediate containing rings C and D using 3-me"thyl-4-chloroanisole.
Treatment with N-bromosuccinimide, reaction with diethyl sodioraalonate , reduction with
lithium aluminum hydride, and reaction with methane sulfonylchloride yielded 2-(2'-

chloro-5 ' -methoxybenzyl) -1,3-propanediol-bismethanesulfonate V.

CI
R

I

CH2-CH

R

CH-

V R= CH2OS02CH3

VI R= CH2COOH

Conversion of this sulfonate ester to the homologous diacid VI was accomplished with
potassium cyanide followed by alkaline hydrolysis. Cyclization of the diacid VI with
polyphosphoric acid yielded 8-chloro-l,2,3^-tetrahydro-5-methoxy-4-oxo-2-naphthalene-
acetic acid VII in 2&)u overall yield (l8).

COOH

VII

The use of this acid for further synthesis is limited unless the optical isomers are
separated ( 18)

.

Muxfeldt (19) has synthesized ethyl

-

trans -k -methyl -8-methoxy-5-chloro-l -oxo-
l,2,3A-tetrahydro-3-naphthoate VIII which is a much more useful intermediate since

CI H

CH3

VIII

CH-

C02C2H5

^H

C02C2Hj

CHpCOOH

IX
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the correct configuration at potential tetracycline position C-5a is readily obtained.
This ester VIII was synthesized from ^-methoxy-acetophenone in the following manner:
a Stobbe condensation of the acetophenone with diethylsuccinate, separation of the
cis and trans half esters X and IX by crystallization, hydrogenation of the cis half
ester X with palladium, chlorination in carbon tetrachloride, followed by poly-

CH2C02H

COgC^Hc

OCH3

phosphoric acid cyclization yielded the ester VIII in lQft overall yield. This inter-
mediate VIII has the correct configuration at position C-2 for further synthetic work
toward the correct polycarbonylperhydronaphthacene framework; the presence of the C-l
methyl group is no hindrance for it becomes the C-6 methyl group in a tetracycline.
Therefore, it has little effect on the biological activity (11).

With the bicyclic intermediates VII and VIII containing the proper functional
groups and in one case (VIII) , the stereochemistry of rings C and D in tetracyclines
available > elaboration of these intermediates into tricyclic ones containing the
functional groups of rings B, C, and D of tetracyclines will be considered. The
most important feature to be incorporated in the synthesis of ring B is the syn con-
figuration of the hydrogen atoms at C-4a and C-5a. The synthesis of a tricyclic or
tetracyclic compound with these hydrogens in the correct configuration has only
recently been demonstrated (l6). Previously, the synthetic tetracycline compounds
had ring C aromatic (17; 19.) •

Muxfeldt (19) aromatized the tetralone VIII before cyclization of ring B by
bromination with N-bromosuccinimide, followed by dehydrobromination in alkali to
give 1-methyl -4-hydroxy-5-methoxy-8-chloro-2-naphthoic acid XI.

COOH

Treatment of this acid XI with dimethylsulfate, reduction of the ester with lithium
aluminum hydride, reaction with phosphorus tribromide, and subsequent reaction with
diethyl-2-carbethoxysuccinate yielded the triester XII« Cyclization of the ester

CH3
CO2C2H5

CO2C2H5

XII XIII R1= R2= CO2C2H5
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after treatment with alkali for a few minutes was accomplished with polyphosphoric

acid to yield 3,3 ibiscarbethoxy-5-chloro-8,9-bismethoxy-10-methyl-l-oxo-l, 2,3,4-
tetrahydroantheacene XIII. While aromatization of ring C removes the possibility
of ring B opening when a compound such as XIV undergoes carbanion acylation to form
a tetracyclic compound such as XV, ring C aromatization also removes the possibility

21 ci

CO2C2H5
2C2H5

CO2C2H5

XIV XV

for the correct stereochemistry of hydrogens at positions C-4a and C-5a. Boothe,

Kende, and coworkers (l6, 17) have also synthesized a tetracycline in which ring C

was aromatic. Syn -methyl -5-benzyloxy-8-chloro-l,2,3,9,9a,10-hexahydro-4-hydroxy-
10-oxo-2-anthraceneacetate XVI was aromatized by bromination at C-4a followed by

7
r n

^

6 ^^ 10 4a
3

1

5

6CH;

I
4
OH

C02C2HC C02C2H5

XVI

dehydrobromination to yield the tricyclic ester XVII which has the correct configura-
tion at C-2. This intermediate was further elaborated into a biologically active
synthetic 6-demethyl-12a-deoxy-4-dedimethylaminoanhydro-7-chlorotetracycline which
was identical with the material prepared from natural 6-demethyl-7-chlorotetracycline
(l6). The synthesis of the syn-anthraceneacetate XVI involving a stereospecific
ring closure is as follows: The substituted naphthaleneacetic acid VII was con-
verted to the acid chloride which upon Rosenmund reduction yielded the aldehyde
XVIII (16).

'CHO

XVIII

CONH;

COM;

XIX

The selective reactivity of the aldehyde carbonyl was exploited through the piperidine
catalyzed condensation of the aldehyde group with cyanoacetamide to give the diastereo-

meric dicyanodiamides XIX (20). Acid hydrolysis with concentrated hydrochloric acid
in acetic acid was accompanied by demethylation to yield 3 - (8-chloro-l,2,3>4 tetra-
hydro-5-hydroxy-U-oxo-2-naphthylmethyl) -glutaric acid XX.

CI
,CH2C02Ri

XX R= Rj= H

CH2CO2R1

XXI R= C6H5CH2 ; Ri= CH3
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Treatment of acid XX with benzylchloride in base followed by esterification yielded

the benzyloxydiester XXI. This diester when refluxed in toluene with sodium hydride

gave after hydrolysis a crystalline enol in hOfo yield.

The cyclic enol obtained was assigned the structure XVI on the following grounds:

C02C2H5

XXII

Kline (2k) has presented an illustration of a carbanion acylation which proceeds by
kinetic control in the presence of sodium hydride, but by thermodynamic control when
carried out using ethanolic sodium ethoxide. If kinetic control exists, then the
relative transition state energies leading to the syn compound XVI as opposed to the
anti compound XXII must determine the final proportion of these products. The
precise transition state structures cannot be drawn, but they must possess to consider-
able extent the geometry of the incipient cyclohexanone ring. Therefore, transition
state resembling structures XXIII through XXVIII can be drawn.

0CH<

XXIII A= H; E= CH2C02CH3

XXIV A= CH2C02CH3 ; E=H

0CH<

XXV A= H; E= CH^C^CHs

XXVI A= CH2C0aCH3 ; E= H

Structures XXIII through XXVI would be sterically unfavorable since each possesses
a minimum of two 1,3-diaxial carbon-hydrogen interactions.

CH2C0CH3

0CH-

XXVII XXVIII

Conformation XXVII leading to tricyclic compound XXII has one 1,3-diaxial carbon-
hydrogen and one 1,3-diaxial carbon-oxygen interaction, whereas conformation XXVIII
has none of these interactions. This would predict the more rapid reaction by way
of conformation XXVIII to give the syn-methyl-4-hydroxy-5-benzyloxy-8-chloro-l,2,
3,9,9a--10-hexahydro-10-oxo-2-anthraceneacetate XVI.





-51-

The possibility that equilibrium may have been attained does not conflict with
the predominance of the syn isomer. Kucherov and coworkers (21) have measured the
cis -trans equilibrium for 3>^;5-trimethylcyclohex-3-enecarboxylate esters XXIX and
XXX.

H H

CH3 ^COaR

XXIX XXX

The cis isomer XXIX in which both the C-5 methyl group and the carboxyl group can
be equatorial, has been shown to be more stable than the trans isomer XXX. On
similar grounds the syn enol ester XVI would be predicted for the major product on
either kinetic or thermodynamic grounds. Since the cyclic condensation was carried
out under kinetic conditions (l6), the assignment of structure XVI to the product
obtained is acceptable and is substantiated by the fact that this compound was
used as an intermediate for the synthesis of biologically active (_) dedimethylamino-
12a-deoxy-6-demethylanhydro-7-chlorotetracycline (l6)

.

Prior to demonstration of the specific nature of the ring closure for ring B,

some work had been done in which intermediates with rings A, C, and D were synthe-
sized, leaving the ring B closure until near the end of the synthesis (22). With
the demonstration by Boothe, Kende, and coworkers (l6) of the specific manner by
which ring B can be closed, syntheses where rings A, C, and D are constructed first
should become more important. Ethyl 4-(8-chloro-l,2,3>^- tetrahydro-5-methoxy-U-
oxo-2-naphthyl)butenoate obtained from piperidine catalyzed condensation of the

CH3
CO2C2H5

'2^5

CO^CaHc

XXXI XXXII

aldehyde XVIII with malonic acid followed by esterification was of interest in view
of the fact that ethylcrotonate reacted with diethyl-(3-ketoglutarate in the presence
of sodium hydride to give 5-methyl-2,4-biscarbethoxycyclohexa-l,3-dione XXXII. The
reaction of the buteneoate ester XXXI with diethyl-(3-ketoglutarate did not give the
analogous intermediate XXXIII. The failure of this reaction was probably due to

C02CaH,

XXXIII XXXIV

interference by the tetralone carbonyl since Muxfeldt (22) successfully reacted the
ketal XXXIV, obtained from the bicyclic ester VIII in six synthetic steps, with ethyl

-

sodioacetoacetate to yield the diester XXXV. This diester was then cyclized after
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Cl H CH

XXXV

C02C2llc OoCpIIc

XXXVI

hydrolysis of the ketal to a tetracycline by refluxing in toluene with sodium hydride.

The tetracycline was assigned the structure XXXVI on conformational grounds although
the stereospecific nature of the ring B closure had not yet been demonstrated
(16, 22).

The examples (lG, If, 19 .> 23) of closure of ring A after synthesis of rings
B, C, and D utilize a carbanion acylation of a substituted acetylmalonate XXXVII to
yield a tetracyclic compound of the type XXXVIII.

HC-C02C2H5

CO2C2H5

O2C2H5

XXXVII XXXVIII

The completion of a tetracycline synthesis involves the introduction of two
groups into ring A, the C-k dimethylamino group and the C-2 carboxamido group. The

latter has been accomplished by two methods. Treatment of the ester IXL with

IXL R= OCaH5 XL R= NH2

methanolic ammonia at fifty degrees Centigrade for ten days gave the amide XL in only
Gfc yield (19)> while treatment of the ester XLI with ammonium formate yielded the

CO2C2H5

XLI
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corresponding amide XLII in 50$ yield (l6). The latter reaction is not applicable to
ethylbenzoate or ethylsalicylate, and a pyrimidone intermediate XLIII is postulated
from analytical and spectral evidence.

H

XLIII XLII

The synthetic ideas previously discussed have been used to accomplish the syn-
thesis of four tetracyclines XXXVI, XLI, XLII, and XLIV. Only one of these compounds,

OMH;

XLIV

dedimethylamino-6,12a-deoxy-6-demethylanhydro-7-chlorotetracycline XLII is biologi-
cally active. The lack of activity is probably due to the absence of the C-12a
hydroxyl group and the C-4 dimethylamino group. The former group can be incorporated
with the correct stereochemistry, but the latter has not yet been synthetically
introduced. At present, this remains the last obstacle in the total synthesis of
a fully active tetracycline such as 6-deoxy-7-chloro-tetracycline XLV or 6-demethyl-
6-deoxy-7-chlorotetracycline IV.

n ^H3 N(CH3)

COM;

XLV
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STEREOSELECTIVE REDUCTIONS OF ALDEHYDES AND KETONES

BY OPTICALLY ACTIVE REDUCTANTS

November 9, 1961Reported by E. T. Holmes

INTRODUCTION
Certain organic reductions lead to products whose configurations may be ration-

alized by postulating a preferential, if not exclusive, manner of attack on substrate
by reductant. When the mode of attack is such that nearly all the product has a
specific configuration, the reduction is said to be stereospecific. However, when
the steric course of attack is less strictly governed, more than one configurational
isomer will result. When one such isomer predominates over the other, the reduction
is said to be stereoselective. This seminar will deal with stereoselective reductions
of aldehydes and ketones by optically active reducing agents. These reductants, which
will be examined in turn, are metal alkoxides > coenzymes with enzyme catalysts, and
Grignard reagents.

REDUCTIONS EMPLOYING METAL ALKOXIDES
The reaction between aldehydes and ketones and metal alkoxides (the Meerwein-

PonndorfVerley reduction) is thought to occur via a quasi -cyclic transition state I

(l, 2). Stereoselective reduction occurs presumably because the transition state

R1R2C=0 + Al(0CIffi3R4) 3 -^" V
/
R2

H-.

3

R3 JP
-c '

L
*4

-^ RjRsCHOAl/a -» R3

OH

-C^H

R2

J
+

R3R4C=0

will so orient itself that the smaller R group in the carbonyl compound will be

opposed to the larger group in the alkoxide, and vice -versa. It will be seen from

I and II that the configuration of the resulting carbinol will depend on the relative
orientation of the groups in the carbonyl compound and alkoxide.

3a

C
$—A1/3

R3>0

OH

> R2*>C«*H

R

^ /P-AI/3

R4

II III

C2H5-C-CH3
H

i The earliest attempt to effect a stereoselective reduction using aluminum
alkoxides was made by Baker and Linn {3) , who allowed (-) -aluminum 2-methylbutoxide
to react with acetophenone and p-chlorobenzophenone. However, no stereoselectivity
was observed because the asymmetric carbon atom in the alkoxide was y instead of 3
to the aluminum atom. Hence the various groups about the asymmetric center were too
far from the site of hydrogen transfer to be effective in determining the configura-
tion of the transition state (III).

Stereoselective reductions of methyl ethyl ketone and pinacolone (k) and i-

butyrophenone (5) have been carried out. Vavon and Antonini (6) reduced phenyl

-

glyoxylic acid to mandelic acid with the magnesium bromide salts of 1 -menthol, d-

neomenthol, and 1-isoborneol with 33%, 11%, and Ijfc stereoselectivity, respectively.

Stereoselective reduction of 6-methyl-2-heptanone by (+) -2-butanol and of methyl
cyclohexyl ketone by (+) -3 -methyl -2-butanol have been reported by Doering (7)- These

experiments support the postulated cyclic transition state. It should also be noted
that this transition state also explains Doering 's observation that the configurations
of the reducing alcohols and the predominating enantiomorphs of the reduced alcohols
are the same.
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Jackman and coworkers (8) reduced p-phenylethyl methyl ketone and t -"butyl methyl
ketone with (+) -aluminum 2-butoxide, hut totally inactive carhinols resulted. However,

when 2,2-dimethylnonan- 3-one was allowed to react with (+) -aluminum 3 ,3-dimethyl -2-

butoxide, an optically active alcohol resulted. In order to explain the lack of stereo-

selectivity in the {3-phenylethyl methyl ketone and t -butyl methyl ketone cases, it is

necessary to recall that two simultaneous reductions are in progress, each passing
through one of the two possible configurations of the transition state. Therefore
the overall reaction rate, k, is given by k=ka+kb, where ka and k-5 are individual
rate constants for the two pathways. The temperature coefficients of ka and k^ may
differ widely and in such a way that higher temperatures would favor racemic product.

If this is true, then reactions carried out at higher temperatures for a given time

would be less favorable than reactions at lower temperatures for the two ketones in

question. Since Jackman worked at 110-150° with aluminum 2-butoxide he obtained no
stereoselectivity, while Doering (7); working at 36° with the same reductant observed

Gfc stereoselectivity with the seemingly less favorable ketone, 6-methylheptan-2-one.
The reductions of (-)-menthone by the active aluminum derivatives of methylethyl-,

methyl -i-butyl-, and methyl -t-butylcarbinol have also been reported by Jackman (9)-

The amount of the cis-epimer obtained in these three reductions (75/^ 72/£, and 86^,
respectively) is higher than that obtained when aluminum i-propoxide was used {lOfo)

.

Jackman feels that there is a definite trend toward increasing cis -epimer as steric
bulkiness of the reducing alcohol is increased, despite the anomalous result ob-
tained with methyl -i-butylcarbinol. This is in accord with the accepted mechanism,
whose two possible transition states are shown below for reduction of a 2-alkylcyclo-
hexanone. Transition state IV leads to the cis , and V to the trans -epimer of 2-

alkylcyclohexanol. If R is large, IV will be favored because V would possess greater
steric hindrance, which would become even more pronounced if R' is also large.

R

1 . u*^
CH3

V

Streitwieser synthesized ( -) -butanol-1-d by allowing butyraldehyde to react with
(+) -2-octyloxy-2-d-magnesium bromide (10). In all studies involving deuterated
reductant the optical activity was reproducible, but when no deuterium was employed
optically inactive products were obtained. To provide further evidence that the
observed optical activity was a unique property of the butanol-1-d, 1-bromobutane-l-d
of opposite configuration was prepared by treating the butanol-1-d with phosphorus
tribromide. The rate of racemization of this bromo compound with lithium bromide,
determined polarimetrically, was compared to the previously determined (ll) rate of
exchange of 1-bromobutane-l-d with lithium radiobromide. The two rates were
identical within experimental error. Optically active butanol-1-d has also been
prepared by allowing butyraldehyde -1-d to react with optically active 2-octyloxy-
magnesium halide (12). It should be noted that although optically active 2-octanol-
2-d yields butanol-1-d having the opposite sign of rotation, the use of optically
active 2-octanol with butyraldehyde -1-d affords butanol-1-d having the same sign of
rotation.

Streitwieser has also reduced benzaldehyde-1-d and butyraldehyde -1-d to the
corresponding alcohols with optically active isobornyloxymagnesium bromide (lj, 1^-).

The optical activity observed was definitely associated with the deuterio benzyl
system by converting the alcohol to benzyl bromide -1-d and comparing the rate of
racemization by bromide ion with the rate of exchange of radiobromide ion (15)- The
rates were equal within experimental error.

The ( -) -isoborneol used in these studies (VI) was formed on reduction of (+)

-

camphor (VII). The more stable of the two possible transition states for reductions
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t
)H S = small methylene group

L = large quaternary group
Ti

VII VI

with ( -) -isoborneol is VIII, and by analogy with mechanistic arguments given above,

the (-)-deuterio alcohol predicted from it is IX. By the same reasoning, the (+)

-

of
s

p

L
n

D

-> I

*R

VIII

OH

IX

D

H0- -II H- OH

R &&3-^7

butanol-1-d resulting from reduction of butyraldehyde with deuterated isoborneol
would have the configuration X. Thus benzyl aicohol-1-d and butanol-1-d of the same
sign of rotation have the same configuration. This observation was confirmed by
converting each alcohol to 1-phenylbutane-l-d according to the scheme below. It was

HO- -i:

Pyridine

(-)

Sodioaceto-
acetic ester

ii-

-CH(C02Et)COCH3

HC1
-CH2CCH3 ->

Zn(Hg)

C3H7 — P-

f>
C3H7

(1)

(2)

S0C12
A

> H

C3H7

(-)

C3H7

also deduced that the benzaldehyde and butyraldehyde had been reduced with almost
equal stereoselectivity despite the fact that the difference in size between the two
groups on the carbonyl is more pronounced in the former aldehyde than in the latter.
(One would have expected the extent of stereoselectivity to be higher in the benzalde-
hyde case. ) Streitwieser has concluded that both these aldehydes are reduced with
nearly 100^ stereospecificity.
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ENZYMATIC REDUCTIONS
Westheimer and coworkers (l6-l8) have studied enzyme -catalyzed hydrogen transfers

from reduced diphosphopyridine nucleotide (DPNH) (XI, R = the ribose -pyrophosphate -

ribose -adenine group) to various substrates. The enzymes employed are alcohol de-

hydrogenase (ADH) and lactic dehydrogenase (LDH).

After allowing diphosphopyridine nucleotide (DPN) (XII) to equilibrate with

ethanol-l,l-d2 , and DPND to equilibrate with acetaldehyde under various conditions,

Westheimer concluded that hydrogen transfer occurs directly from coenzyme to substrate,

and that this transfer is stereospecific with respect to the reduced position on the

dihydropyridine ring. Similar studies on the LDH- catalyzed reduction of pyruvate by

DPNH show that hydrogen transfer is direct in this case also, and that IDH effects

removal of hydrogen from the same side of the reduced nicotinamide ring as does yeast

ADH.
CONH2 _ CONH2

ADH
CH3CDO + If l^!J — ^ CH3CD2OH + ^N^

CH3COCO/ + H I LDH CH3CDOHC02
e

\f

XI XII

Both enantiomorphs of ethanol-1-d have been prepared by Westheimer using deuterium
labels in the ADH- catalyzed reduction of acetaldehyde by DPNH, indicating that the

hydrogen transfer is stereospecific with respect to the carbonyl compound as well as

the coenzyme. The first enantiomorph was prepared by oxidation of enzymatically pro-
duced DPND by acetaldehyde. The reaction sequence is shown below. The stereospecific

a ADH &
CH3CD2OH + DPN ——

^

CH3CDO + DPND + H (1)^
1

CH3CHO + DPI© + H -=^ CH3CHDOH + DPN (2)
,

"gr"~~
1

CH3CHDOH + DPN ^^ CH3CIIO + DPND + H (3)

CH3COC02
9
+ DPND + H* —^ CH3CDOHCOg + DPN* (k)

transfer of deuterium to pyruvate (eq. k) was introduced to prove that deuterium was
present in the reduced DPN, and that it could be further transferred in another enzymatic
reaction. The underlined compounds were isolated as suitable derivatives and analyzed
for deuterium. The other enantiomorph was prepared by oxidizing ordinary enzymatically
reduced DPNH with acetaldehyde -1-d, as shown below. Again, derivatives of the under-

CH3CH2OH + DPN ^^^ CH3CHO + DPNH + H (5))P1

^ 4) ADH
CH3CDO + DPNH + H —^ CH3CDHOH + DPN (6)

CH3CDHOH + DPN* ^^ CH3CDO + DPNH + H* (7)

lined compounds were analyzed for deuterium. Note that ethanol prepared from non-
deuterated aldehyde and DPND (eq. 2) gave only ordinary acetaldehyde upon reoxidation,
transferring the deuterium atom back to the DPN (eq. 3)- In contrast, the ethanol
formed from acetaldehyde -1-d and DPNH (eq. 6) gave acetaldehyde -1-d on reoxidation,
transferring only hydrogen and no deuterium to the DPN (eq. 7) • This strongly
indicates that each alcohol is one pure enantiomorph of ethanol -1-d. This purity was
further demonstrated by conversion of one enantiomorph into the other by treatment
with tosyl chloride followed by sodium hydroxide. Inversion can be proven by examining
the products of enzymatic reoxidation of the alcohol before and after inversion. (Neither
stereoisomer was obtained in quantities large enough to permit measurement of optical
rotation. )
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The deuterium label data show that, whereas the other reductions reported above are
merely stereoselective, the enzyme-catalyzed reactions are essentially 100^ stereospeci-
fic. This suggests that transition state configurations are more restricted in these
latter reactions. Presumably, both the carbonyl oxygen atom and the methyl group of
acetaldehyde are placed on the enzyme surface in stereochemically defined positions, with
the nonpolar methyl group being held on the surface by van der Waals attractive forces.

The cohesive forces in the surrounding water molecules probably tend to "squeeze" the
organic molecule into a particular position on the enzyme surface (19). In addition,
the methyl group is probably repelled by steric hindrance from those positions on the

enzyme surface which it would have to occupy to result in formation of racemic ethanol

-

1-d. Kinetics of the ADH-catalyzed oxidations of ethanol, ethanol-l,l-d2 , i-propanol,
and methanol have been determined (20), and tend to bear out this theory.

Levy, Loewus, and Vennesland (20) have prepared gram quantities of (-) -ethanol-1-d
by reduction of acetaldehyde-1-d by glucose in the presence of ADH and glucose dehydro-
genase (GDH). The purified (99+^) ethanol-1-d had [ajff-0. 20+0. 03°.

Althouse, Ueda, and Mosher (21) have reported the reduction of trimcthyiacctaldehyde-
1-d oy actively fermenting yeast. The neopentyl alcohol-1-d formed possessed essentially
no optical rotation, but its acid phthalate had [ajfp-l. 06"t0. 6k°. Mosher feels that the
alcohol is of high optical purity. By arguments similar to those given in other studies
(1^-, 22), the absolute configuration of the product alcohol is predicted to be XIII. If
the reasonable assumption is made that the steric control of the enzymatic reduction is

similar to that of stereoselective Grignard and Meerwein-Pomdorf-Verley reductions,
then the former process can be represented as follows (where PU = the larger, and R3 the
smaller group) . If one assumes that the nature of the enzyme is such that hydrogen
transfer occurs from the left as shown, then the configuration of the product will be
XIV. This is the absolute configuration proven for (+) -2-octanol (XV), the product of

D OH CH<

H>C^0H
I

1

1

"t-C^Hg

XIII

H

i
h>c«4rl h^c-^oh n>c^on

X
Re

Ik

XIV

C6H17

XV

CH3

XVI

reduction of 2-octanone by actively fermenting yeast (23)- It is also the configuration
of XIII. It is interesting to note that the configuration of ( -) -ethanol-1-d (XVI) pre-
dicted on these assumptions is opposite to that predicted by Levy, Loewus, and Vennesland
(20) for their enzymatically produced product. Their prediction was based on the assump-
tion that the configuration of (-) -ethanol -1-d would be the same as that previously
postulated for ( -) -butanol-1-d (l4) . however, this assumption is not above suspicion.
Brewster (2^) has calculated that the molecular rotation of butanol-1-d should be 0. 33°
more dextrorotatory than that of ethanol -1-d of the same configuration. Since the
molecular rotation of (-) -ethanoi-1-d is -0.13+0.02° (20), additional 0.33° would give
a value of +0.20° for butanol-1-d, which agrees well with Streitwieser's value (l4).

REDUCTIONS EMPLOYING GRIGNARD REAGENTS
Since the generally accepted mechanism of Grignard reduction (25, 26) is almost

identical to that of the Meerwein-Ponndorf-Verly reduction, the transition state of
lower activation energy in eq. 8 (XVII) will be so oriented that the larger group R2
of the carbonyl compound will be opposed to the smaller group (CH3 ) of the Grignard,
while the transition state of higher activation energy will have the relative positions
of Ri and R2 reversed.

Ri

R,

0=0 +
CaH-

MgX
CH2
-9-CH3
II

C^-te\
-£H;

CH3

R2+
H

CH3(C2H5)0=CH2

Ri

H>C-*0H

R;

(3)

XVII XVIII
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Tlie earliest studies of stereoselective Grignard reduction were reported by Vavon
and Angelo (27), who allowed what may be presumed to be a mixture of isobornyl- and
bornylmagnesium chloride to react with a series of six alkyl phenyl ketones to form
carbinols whose optical activities ranged from 19-72^ of those of the respective pure
isomers.

The reaction of (+) -3-methylpentylmagnesium chloride with methyl t-butyl ketone
yields virtually racemic methyl -t -butylcarbinol (28). This is not surprising in view
of the transition state XIX. Since there are two transferable hydrogen atoms on the

p -carbon atom, the ketone carbonyl group can be attacked from either side, yielding
a nearly racemic product. Note the similarity between XIX and III.

In order to test the relative importance of electronic vs.

C(CH3) 3 Y© steric factors in determining transition state configuration,

\ ^0 Mg Mosher and Parker (29) studied the action of (+) -2-methylbutyl

-

/\ H a^CH2 magnesium bromide on several o- and p- substituted benzophenones.
"~~-Qc>^ The possible transition states for these reductions are

ch -c-CoH
XVI1 (Rl = CsH5; Rs = x - C6Hs) !md XVIX (Ri = X - C6H5 ;

R2 =
3~ - a"5 CsH5 ) . If the configuration of the transition state is deter

-

mined on purely steric considerations, the presence of a
substituent in the p-position should have no effect on relative
stabilities, because such a group is too far away from the

Grignard alkyl groups to exert any steric effect. However, the o-position is close
enough for steric interaction. When p-chloro and p-methoxy substituents were employed
only one product, optically inactive, was isolated in near quantitative yield. How-
ever, when o-chlorobenzophenone was employed, a dextro oil was isolated. Thus, on the
basis of this investigation, the configuration of the transition state is determined
only by steric factors. A second study of possible intervention of electronic factors
involves the reduction of oi,a),u)-trifluoroacetophenonc with the Grignard reagent from
(+) -2-methylbutyl chloride (30). This ketone should resemble the previously studied

(27, 31) acetophenone in all but the high inductive effect of the fluorine atoms. It
has been suggested (32) that highly fluorinated compounds don't complex measurably with
magnesium bromide, and therefore not with Grignard reagents. An alternate transition
state (XX) for. hydrogen transfer has been proposed. When the reaction was carried out,

5~
. n- m -rv

a Pr°d-uct °£ high optical activity was isolated. Unfortunately
'/ "

;^4-\° ^e Percen"t stereoselectivity was not determined, for an authentic
R-C--, „ ..-C—

C

sample of a)
,
UJ

,
ai -trifluoro-l-phenylethanol could not be resolved.

~~H"tH However, the presence of optical activity in the product suggests
a rigidly oriented transition state. The hydrogen transfer in
XX may possibly be stereoselective, but more likely a small

amount of an unstable complex forms between the fluorinated carbonyl compound and the
Grignard reagent and reacts rapidly via the cyclic mechanism, yielding the observed
products ( 33) •

The exact consitution of the Grignard reagent is not known with certainty at
present, but dialiiylmagnesium compounds are thought to be present (3*0» In order to
demonstrate that the cyclic reduction mechanism also applies to dialkylmagnesium
compounds, Mosher and Loeffler (35) allowed methyl t-butyl ketone to react with
authentic (+) -di-( 2-methylbutyl) -magnesium. The transition state for the reduction
is similar to XVII, except that a (+) -2-methylbutyl group will be substituted for the
chloro group. The results of this reduction were compared with those of the reduction
of the same ketone by the Grignard reagent from (+) -2-methylbutyl chloride (36). The
yields of addition, enolization, and reduction product were quite similar, as was the
extent of stereoselectivity. The obvious conclusion is that the same species, RaMg,
acts as reductant in both solutions.

Mosher and coworkers have extensively investigated the action of the Grignard
reagent from (+) -l-chloro-2-methylbutane on a series of alkyl t-butyl ketones (22,

36), alkyl phenyl ketones (37), and alkyl cyclohexyl ketones (38)» Ihe asymmetric
bias in the reduction of these carbonyl compounds with the above Grignard reagent is
summarized in Table I. The signs refer to the configuration of the carbinol produced
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TABLE I

Percent stereoselectivity in reduction of alkyl t -butyl, alkyl phenyl, and alkyl cyclo-

hexyl ketones by the Grignard from (+) -2-methylbutyl chloride.

CII3 C2H5 n-C3H7 n-C4He i-C4H9 i-CaHy CsHii t-C4Hg C6H5
t-C4Hg 13 11 11 11 6 5 2-5 . . . -16

Ce^5 3-9 5-7 5-9 7.2 9.9 2k 25 16 • • •

c6Hn 3.6 8.8 8.9 11 16 2.1 -2.5 -25

&•

in excess, not to the sign of rotation. The ordinate of Table I represents the three
series of ketones, t -butyl, phenyl, and cyclohexyl, while the abcissa lists the alkyl
groups investigated. In the alkyl t-butyl series, the absolute configurations of (+)

-

methyl-i -propyl- and (+) -methyl-n-butylcarbinol were already known (39), and the con-

figurations of the remaining carbinols relative to these two were established by appli-
cation of Freudenberg ' s displacement rule (^0) to their acetates, benzoates, and acid
phthalates. It was found that all predominant isomers produced in the reduction had
the absolute configuration XVIII, where Rj. = alkyl and R2 = t -butyl. As seen in Line 1

of Table I, the asymmetric bias decreases as the bulk of the alkyl group approaches
that of t-butyl. This is expected on the basis of the cyclic transition state XVII.

The predominant carbinols of the alkyl phenyl series were also shown to have the absolute
configuration XVIII (Rx = alkyl j R2 = phenyl) by relating their configurations via
Freudenberg" s displacement rule to those of methylphenyl- and ethylphenylcarbinol, which
had previously been established by means of their relationships to lactic and mandelic
acids. Line 2 of Table I shows that the amount of asymmetric bias increases as the
bulk of the alkyl group grows (with the exception of t-butyl) , even though the transition
state must also be XVII. These results are not those expected on the basis of a purely
steric explanation of transition state orientation. In the alkyl cyclohexyl series,
the absolute configuration of only methylcyclohexylcarbinol was known (hi) ', the con-
figurations of the remaining carbinols relative to it were established by catalytic
hydrogenation of the corresponding optically active alkylphenylcarbinols whose con-
figurations are known relative to each other. The predominant carbinol isomers were
again shown to conform to XVIII (Ri = alkyl; R2 = cyclohexyl). Line 3 of Table I

shows that as the bulk of the alkyl group increases from methyl through i -butyl the
stereoselectivity increases, but drops markedly for i -propyl and in the cases of t-
butyl and phenyl the carbinol of opposite configuration is obtained. Thus the behavior
for the methyl through i -butyl cases parallels that for the corresponding phenyl series
while that for the i -propyl and t-butyl examples corresponds to that found in the
alkyl t-butyl series. Simple steric explanation suffices to correlate only the results
in the alkyl t-butyl series. The packing together of groups in the transition state
of lower activation energy probably results from more complex interactions of all groups
present, including coordinated solvent, than had previously been imagined. Also, there
seems to be as much steric interaction between the two ketone groups as there is between
the ketone groups and the Grignard groups, especially when the groups in the ketone are
large. Since the difference in activation energies for the two possible transition
states is not very great, it is probably quite sensitive to slight structural and
electronic variations which have not yet been clearly elucidated.

The reduction of trimethylacetaldehyde-1-d by the Grignard reagent from (+)-!-
chloro-2-methylbutane has been reported (42). The resultant neopentyl alcohol-1-d has
been shown to have the same configuration and 12$ of the optical activity of the
product from the reduction of this same aldehyde by actively fermenting yeast (21).
However, the reduction of non-deuterio trimethylacetaldehyde by the Grignard reagent
from ( -) -l-chloro-2-methylbutane-2-d (the deuterated enantiomorph of the above reagent)
gave neopentyl alcohol -1-d with the same configuration and 36$ of the optical purity
of the enzymatically-produced material. The authors expected a greater stereoselectivity
in the former case than that obtained, because of the extreme difference in size between
a deuterium atom and a t-butyl group. They explain the results by postulating that
due to the inherent flexibility of bonds in the transition state, or due to lack of
buttressing effect of the t-butyl group by the deuterium atom, the t-butyl group is
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able to assume a more equatorial and therefore less interacting position in the transi-

tion state ring. The difference in stereoselectivity between the hydrogen-transfer and

deuterium-transfer cases was unexpected. Only tentative explanations dealing with the

faster reaction rate and much greater possibility of tunnelling in the former case as

compared to the latter were offered.
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SESQUITERPENES WITH MEDIUM RINGS

Reported by H. Schauble November 13, 1961

In 1953^ Ruzicka (l) farsightedly suggested that ten and eleven inembered ring
intermediates play important roles in the biogenesis of certain sesquiterpenes.

Sesquiterpenes with these ring sizes were unknown at that time, but since 1957., a

number of sesquiterpenes from a wide range of plant sources have been shown to contain

nine, ten, and eleven membered carbocycles. Many of these compounds were earlier thought
to be bicyclic sesquiterpenes, due to misleading results obtained from dehydrogenation
studies. None of these substances have been synthesized, and, with the exception of

caryophyllene , the stereochemistry is not completely known for any of them.

NINE MEMBERED RINGS
The structure determination and interesting transannular reactions of caryo-

phyllene (I) , a consituent of clove oil ( Eugenia caryophylatta ) , have been reviewed by
de Mayo (2) and will not be discussed here. The discovery of humulene (II) in clove

oil suggests the biogenetic origin of the nine membered ring.

The elucidation of the structures of two isomeric sesquiterpene alcohols found in the

oil of white birch (Betula lenta) a- and p-betulenol, III and IV respectively, indi-
cates that they are closely related to caryophyllene. A possible precursor of a-
betulenol, the caryophyllene monoxide (V) , was also isolated {

7
j, h) .

TEN MEMBERED RINGS
Germacrone

Germacrone (VII) , C15H24 (5); previously "germacrol, " since it was first thought
to be an alcohol, is the main crystalline constituent of Bulgarian geranium oil

( Geranium macrorhizum L. ) . Naves (5) considered it to be a diolefinic sesquiterpene
oxide since it did not form typical carbonyl or hydroxylic derivatives, but formed an
alcohol, C15H280;> on catalytic hydrogenation. Treibs (6) observed that ozonolysis of
VII yielded acetone, and identified levulinic acid as a product of permanganate oxi-
dation of the ozonolysis mixture. From this and the fact that guaiazulene (XI)

resulted on heating "germacrol" with iodine, Treibs (6) postulated formula VI for
"germacrol.

"

The IR and UV spectra (7) however, suggested that "germacrol" is

really an unusual type of a, p -unsaturated ketone (IR: 167O cm. 1
,

UV: \ max. J>lk mn, log € = 2.69; sh. 2^2 (3-59); end abs. 210 (4.17).
Sorm and coworkers (8) found that hydrogenation of germacrone with

Pt/lIOAc yielded mainly a saturated ketone, C15H2sO (VIII) (IR:

1704 cm. 1
) , which, like germacrone formed no carbonyl derivatives.

Ketone VIII was easily converted to the saturated alcohol (IX),
C15H30O, "by lithium aluminum hydride reduction. On reduction of germacrone with lithium
aluminum hydride, germacrol (X) was obtained. Guaiazulene (XI) was formed by heating
germacrol with sulfur. Hydrogenation of X with Pt/HOAc resulted in selinane (XII), and
if X was heated to 250° prior to hydrogenation with Pt/lIOAc, elemane (XIII) resulted.
Cadalene ( XVIII) was observed as the product of heating germacrone (VII) with Kl/C
(6).





OH

VII VIII IX

X XII

XIII XIV XV

XVI XVII XVIII

These striking conversions of germacrone to compounds with a variety of different carbon
skeletons led the Czech workers (8) to suspect that the ring which must be present in

germacrone (mol. formula) is ten membered. In order to prevent transannular double bond
interactions, germacrone (VII) was carefully hydrogenated (Pt/EtOH) to its tetrahydro
derivative (XIV) , the UV spectrum of which indicated the remaining double bond to be
conjugated with the carbonyl group. (A, max. = ~$0Q mn, log £ = 2.12 and 2^>k (3-59)-
Ozonolysis confirmed the presence of an isopropylidene group. On lithium aluminum
hydride reduction, tetrahydrogermacrone (XIV) gave tetrahydrogermacrol (XV) which under-
went extensive hydrogenolysis on Pt/HOAc to yield the saturated hydrocarbon, germacrane
(XVI) , in 70$ yield and hexahydrogermacrol (XVII) in 30$ yield. XVII was identical
with EC.

Suchy and Sorm (9) synthesized l,7-dimethyl-4-isoprcpylcyclodecane and showed it
to be identical with germacrane (XVI) (TR and physical properties) prepared as described
above from germacrone.

Ozonolysis of tetrahydrogermacrone (XIV) yielded, beside acetone, a diketone, which
on treatment with perchloric -peracetic acids, formed P, J

' -dimethylsebacic acid, thus
conclusively proving the presence of a ten membered ring, the carbon skeleton, and the
location of the a, £ -unsaturated ketone system in germacrone (10).

The remaining problem was the location of the other two double bonds. On the basis
that the permanganate oxidation of germacrone yielded oxalic and levulinic acids as well
as acetone, Sorm's group (8) initially proposed formula Vila; however, Vllb fits these
data equally well and more readily explains the pyrolytic conversion of germacrone to
p-elemone (XXII) (ll).
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Vila viro VIIc XXII XXIII

Comparison of the UV spectrum of germacrone (VII) with that of tetrahydrogermacrone
(XIV) and germacrone diepoxide (XXIII) shows that the intense maximum at 213 m\±> e =

12 ..5CO is attributable to the two tri substituted double bonds. XIV and XXIII exhibit
normal spectra for conjugated ketones containing an exocyclic isopropylidene group (12).

XIV. X max. = 245 mu, log 6 = 3-59; 308 (2.12)

XXIII. X max. = 250 mu, log e = 3.68; 316 (2.33)
VII. X max. = 213 mu, log e = 4.10; sh. 24 (3- ^7); *. max. 315 (2.55)

The appearance of such high end absorption in germacrone reflects the geometry of the

doubly unsaturated ring which allows nonclassical interaction between the isolated
double bonds. The unusual end absorption of caryophyllene (13) , X max. = 210 mu-, G =

67OO , is explained similarly.
The infrared spectrum of germacrone (VII) exhibits bands at l68l (conj. ketone) and

1660 cm. 1 (double bond). According to Sorm (ll), ketones containing a conjugated tetra-
substituted double bond normally show a very strong band at approximately l620 cm. x

;

its absence here is explained by the geometry of the ten membered ring. The spectra
of XTV and XXIII have bands at 1699 and 1683 cm. x

, respectively, (conj. carbonyl) and
only very weak bands at 1637 and 1647 cm. x

, respectively (tetrasub. double bond).
The Raman spectrum of germacrone, however, in addition to an intense band at 1667

(trisub. double bond) shows two bands of less intensity at 1683 (conj. carbonyl) and
I63O cm. -1 (tetrasub. double bond) . Germacrol (X) does not exhibit the 1683 cm. x band,
but bands are observed at 1656 and 165O (inflection) cm. 1

. The PLonan spectrum of
germacrone diepoxide ( XXIII) has a very strong band at 1648 (double bond) and a band
at. l68l cm. -1

( conj . carbonyl) ( 11)

.

There are no peaks above 8.58 t in the NMR spectrum of germacrone, indicating the
absence of angular methyl or cyclopropane hydrogen. Broad peaks corresponding to two
vinyl hydrogens were observed at 5-24 t (l4). These results are in accord with Sorm's
structure (Vllb) and definitely rule out Ohloff's (VIIc), which was proposed to explain
the anomalous UV absorption (15).

Ozonolysis of isogermacrone (XXIV) , which was formed upon treatment of germacrone
with alkali, resulted in 0. 67 mole of acetone. An investigation of the mixture resulting
from acidic or basic permanganate oxidation of isogermacrone led to the detection of
oxalic, lcvulinic and homolevulinic (XXVII) acids as well as 3-methyl-A2-cyclohexenone
(XXVI) , the latter apparently formed ^oy intramolecular aldolization of XXV. Succinic
and homolevulinic acids were identified when a sample of authentic 3-methyI -A2 -

cyclohexenone was similarly oxidized (l6).

XXIV XXV XXVI

r^"\C00H

XXVII

Isogermacrone (XXIV) exhibits a normal UV spectrum with bands at 254 mu, log £ =

3.61 and 334 (I.92), in agreement with a cross -conjugated ( -CH=CH-C0 CH=CH-) system.

The IR spectrum has bands at l679 (conj. carbonyl in a ten membered ring) and 1629
cm. x (tetrasub. double bond conj. with a ketone) (16). The MR spectrum unequivocally
designates XXIV for isogermacrone (15)-
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Costunolide
Attempts to isolate the lactonic constituents of costus root oil (Saussurea lappa

,

Clarke) have not generally been successful. These substances are nonvolatile and poly-
merize on heating at 60-70° (17)- However, extraction of costus oil with petroleum
ether at k0° resulted in 6. 6fo of a liquid containing 5®f° lactonic constituents.
Crystallization at 0° followed by column chromatography on alumina resulted in two
sesquiterpene lactones, costunolide, Vyo, and dehydrocostuslactone, 32$? (17)-

Costunolide (XXVIII), C15H20 2 , [a]g3= 128°, (c. 0.4^5 in CHC13) undergoes partial
hydrogenation on Pd/C in methanol forming dihydrocostunolide (XXIX) ; hydrogenation with
Pt/HOAc forms hexahydrocostunolide (XXX) , thus indicating three double bonds to be
present. Costunolide ( XXVIII), dihydrocostunolide (XXIX) and hexahydrocostunolide (XXX)

show IR bands at Y{Ch , 1779; ^d. Y]G^ cm. x
, respectively, suggesting that they are

7 -lactones (l8-2l).

The ozonolysis of costunolide produced O.k mole for formaldehyde while dihydro-
costunolide formed only a trace. The UV spectrum of costunolide has a strong absorption
at 213 mn, log £ = 4.12, which is much reduced in dihydrocostunolide (A£ = 10,000).
These data indicate the presence of a methylenic double bond conjugated with the lactone
carbonyl. This is supported by the fact that costunolide reacts with only two moles
of perbenzoic acid, the conjugated methylene being normally inert (20,21).

Lithium aluminum hydride reduction of costunolide (XXVIII) , followed by selenium
dehydrogenation of the resulting diol (XXXI) yielded 1,6 -dimethylnaphthalene (XXXII)

,

presumably by cyclization of the diol (XXXI) dehydrogenation, and elimination of the
three carbon unit. Catalytic hydrogenation of costunolide with Pt/lI0Ac/llC104 resulted
in the saturated tricyclic lactone ( XXXIII) , identical with a sample of pure santanolide
"c" (20, 21).

Ozonolysis of costunolide ( XXVIII ) , dihydrocostunolide (XXIX) and the diol (XXXI)
yielded levulinic acid, besides formaldehyde. Sorm and Herout (21) ozonolyzed di-
hydrocostunolide in acetic acid, oxidized the product with nitric acid, and isolated
a compound whose properties were consistent with structure XXXV.

XXVIII XXIX XXX

XXXV XXXVI XXXVII
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On the basis of these results, Rao, Kelkar and Bhattacharyya (20) and Herout and
Sorm (21) independently proposed structure XXVIII for costunolide.

The absolute configuration at C6 has been established by the Indian workers (20)

using the molecular rotation difference between XXXIII and the corresponding diol
(M lactone - diol = l44. 8°) , thus indication the S configuration at C6 . The stereo-
chemistry at both asymmetric centers of costunolide (XXVTII) is thus identical with
that of santanolide "c" (20).

The acid catalyzed cyclization of dihydrocostunolide has recently been found to
result in a mixture of Juneol (XXXVI) and levojuneol (XXXVII). The catalytic hydro-
genation of XXXVII yields santanolide "c" ( XXXIII) ; XXXVI yields santanolide "a", the

C4 epimer of santanolide "c" (22).

12-Methoxydihydrocostunolide has been isolated from costus root oil; it is thought
to be an artifact formed in the chromatographic separation (23).

Parthenolide
An unsaturated sesquiterpene oxidolactone , parthenolide (XXXVIII) , C15H2003^ nas

been isolated by Herout, Soucek and Sorm (24) from Chrysanthemum Parthenium L. (Com-

positae) by means of countercurrent distribution from petroleum ether into ethanol.

Ozonolysis of parthenolide resulted in 0.42 mole of formaldehyde. The IR spectrum
showed bands at 1768, 1142 (/-lactone) and 1408 cm. 1 (methylenic double bond). Ab-
sorptions due to other oxygen functions were not observed. A shift in the lactone
carbonyl absorption from 1768 (XXXVIII) to 1774 cm.

_1
for dihydroparthenolide (XXXIX)

(prepared by hydrogenation of XXXVIII with deactivated Pt/MeOH) indicated the presence
of an exocyclic double bond conjugated with the lactone carbonyl (24). This was sub-
stantiated by high end absorption in the UV spectrum (225 ^P; 1°S e = 3' 53) of XXXVIII
which was not observed for XXXIX (24, 25). Conclusive evidence for this structure
came from the reaction of XXXVIII with diazomethane to form a pyrazoline which lacked
the characteristic methylenic double bond absorption in the infrared (25).

Involvement of the cyclodecane skeleton and the normal isoprene arrangement in
the structure of parthenolide were suspected by Sorm and coworkers from the fact that
chamazulene (XL) resulted from selenium dehydrogenation of XXXVIII. Cyclization of
XXXVIII to a santonin type bicyclic system could not be effected (24).

The presence of an additional double bond in parthenolide was evidenced by oxidi-
metric determination with perphthalic acid (24).

Parthenolide ( XXXVIII) underwent catalytic hydrogenation with Pt/HOAc to yield
hexahydroparthenolide (XLI) , C15H26 3 , (IR: 3599 (hydroxyl) and 1766 cm." 1 (7-

lactone) . The reduction of XLI with lithium aluminum hydride in N-ethylpiperidene
produced triol (XLII) which was found to react with periodic acid with the uptake of
one mole of reagent, indicating that hexahydroparthenolide contained a hydroxyl group
adjacent to the potential hydroxyl of the lactone (25).

Catalytic oxidation of parthenolide with 5&fo nitric acid-vanadium pentoxide re-
sulted in a mixture of acids, from which p-methyladipic acid was isolated, (XLIII)

,

showing that at least a four carbon portion of the cyclodecane skeleton contained
no functional groups, but one methyl group (24). Thus, the oxide ring must be three
membered and the isolated double bond in the 2,3 position of the skeleton. Structure
XXXVIII was proposed for parthenolide on the basis of these results (25).

XXXVIII

V<X

XXXIX

II00C

\UtY
XLII

CH*°H

00H

XLIII
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Cnicin
The isolation of cnicin (XLIV) , C2oH2807 , the crystalline bitter principle of

Cnicus benedictus , a thistle -like plants has only recently been achieved by Sorm,

et al. (26) and by Korte and Beckmann (27).

The IR spectrum if cnicin exhibits absorptions at 3^+50 (hydroxyl) , 1J76 (7-lactone)
,

1713 (conj. ester) and 169^ and 1632 cm. -1 (double bonds). The UV spectrum shows only
end absorption (220 mu, log e = h.jk) similar to costunolide (20). The presence of a

methylenic double bond conjugated with the lactone carbonyl is further evidenced by
polymerization of cnicin on melting (133°) a^ the formation of formaldehyde on ozonolysis.

An active hydrogen determination indicated the presence of three hydroxyl groups, shown
to be non-vicinal by a negative periodate test (26).

The catalytic hydrogenation of cnicin with Pt/MeOH resulted in simultaneous hydrogen-
olysis with an uptake of 3- 5 moles of hydrogen. The presence of three olefinic bonds
in cnicin was suggested. Only a small yield of normal hydrogenation product (XLV)

,

C20H34O7, (IR: 1781 (7-lactone) and 1728 cm. x (unconj. ester) could be isolated.

Upon saponification of the hydrogenation mixture, methylethylacetic acid and Ct-

hydroxymethyl-7-butyrolactone were isolated as well as two crystalline stereoisomeric
dihydroxylactones (XLVIa.b) , C15H26 4 , (IR: 3625-3O, 3380-3^70 and 1765 cm." 1

). Oxi-
dation of XLVIa,b with chromic oxide -acetic acid yielded ketolactone acids (XLVIIa,b)

,

(IR's: 1781, 1788 (7-lactone) and 1731, 1736 cm. 1 (carboxyl), respectively. The
formation of XLVIIa,b showed the presence of a primary hydroxyl group in cnicin. Simi-
lar oxidation of a non- crystalline fraction of the saponification mixture resulted in
ketolactone (XLVIII) , of known structure. The formation of XLVIII possibly occurs by
the oxidation of an nonisolated hydroxylactone XLIX which resulted from the hydrogenolysis
of the primary hydroxyl group of cnicin. This indicates that cnicin contains a double
bond allylic to the primary hydroxyl. When the hydrogenation mixture from cnicin was
oxidized with chromic oxide, only acids showing no characteristic ketonic frequencies
in the IR were found. Saponification of these acids and further oxidation resulted in
the ketolactonic acids XLVII. It follows that in cnicin, the 8-hydroxyl is esterified
to a,f3-bis-hydroxymethylacrylic acid (28, 29).

Cnicin is proposed as structure XLIVa or XLTVb. XLIVa is preferred due to the
formation of a small amount of methylethylacetic acid by hydrogenolysis of cnicin in
Pt/MeOH. The stereochemistry of cnicin is known, except at C8 , by correlation with
ketolactone XLVIII, and is as shown in XLIVa.

CH2OH
R

R= -C0-C=CHCH20H

CII2OH

R'= -C0-CHCPI2CH20H

CHoOH

CH20H nD!

CII20H
XLIVb

C02H

XLVIa,b XLVIIa,b XLVIII XLIX ^0
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Pyrethrosin
Pyrethrosin (L) , C17H2205. a sesquiterpene lactone of Chrysanthemum cinerariac-

folium . has "been knovm for some time to contain an acetate and a lactone function, but
not a hydroxyl function; the other oxygen was presumed to be present in an ether linkage.
The IR spectrum of L shows bands at 176O (7-lactone) 1735 > 1242 (acetate) and I67O,
165O cm. x (two olefinic bonds). The UV and ozonolysis results are typical of a
methylenic double bond conjugated with a 7-lactone (30).

Treatment of pyrethrosin with acetic anhydride -p-toluene sulfonic acid yielded
cyclopyrethrosin acetate, (Lla) , 0x9112406, apparently by opening of the oxide ring
and transannular cyclization. Controlled hydrolysis of Lla yielded cyclopyrethrosin
(Lib). Selective hydrogenation of Lib on Pd/C gave a single dihydro dei-ivativc which
on further hydrolysis resulted in the acetoxyalcohol (Llla). Oxidation of Llla with
chromium oxide resulted in ketoacetate (Llld) which reacted with base to form two
isomeric hydroxyketolactones (LIIIa,b). LUIa was reconverted to Llld by acetylation,
however, LUIb resulted in a new ketoacetate; the position of the lactone ring of
LUIa is thus identical with that of Llld. Llld was shown to possess a p, 7 -unsaturated
ketonic structure by reaction with bromine followed by dehydrobromination yielding a
conjugated bromodienone of characteristic UV absorption, \ max. 286 mu-, £ = 15,200.
LUIa and b underwent oxidation with chromic oxide to yield diketones LTVa and b,

respectively. LIVa gave no characteristic dienone absorption on treatment with base;
LIVb, however, formed a diketone (LV) which was identical with a degradation product of
^/-santonin (LVI). Thus, pyrethrosin is related to LUIa and subsequently to ty-

santonin. Barton, Bockman and de Mayo proposed structure L for pyrethrosin from these
data (30, 31).

The absolute configuration at C10 in cyclopyrethrosin is as shown by the above
correlation with ^/-santonin. The tosylate of dihydrocyclopyrethrosin (LIIc) underwent
elimination on heating in collidine to yield LVTI; this type of rearrangement requires
the 1-tosylate group to be equatorial (32). A molecular rotation comparison of Llld
with Llle showed that the C± hydroxyl contributes 60° to the rotation. Prior cor-
relation has shown that if the 10-methyl is p, the 1-hydroxyl must be a in order for
this value to obtain (31)- Further, the C± hydroxyl can only be equatorial and trans
to the angular methyl group if the ring fusion is cis . Thus the configurations at Cj_,

C5 and C10 of cyclopyrethrosin are established. The benzoate of ketol LUIb was
pyrolysed in the gas phase yielding compound LVTII. Such a clean elimination away
from C7 is possible only if the 7-hydrogen and 8-hydroxyl are trans to each other (33).
Assuming that cyclopyrethrosin formation does not involve breakage of the Cx-0 bond,
but involves inversion at C10 , the configuration of pyrethrosin at C x and C10 must
be as shown. What is known of the stereochemistry of pyrethrosin is indicated in
structure L (30, 31) •

OR

s=0

LII: R=
a. OH
b. OAc
c. OTs

d. =0

e. H

Lla. R=Ac, b. R=H LII

LIVa LIVo





COaH

LV LVI LVII LVIII

Other sesquiterpenes containing ten membered rings, which will not be discussed
here, are balchanolide and its acetyl derivative (34) (the C8 -hydroxyl and acetoxyl
derivatives of costunolidc) , gafrinin (35) of proposed structure LIX, and arctiopicrin
(IX) (36, 37).

CHpOH

LIX

ELEVEN MEMBERED RINGS
Two examples of sesquiterpenes with eleven membered rings have been reported.

Humulene (IXI) , a constituent of oil of hops, has been found to be identical with a-
caryophyllene from cloves. Zerurnbone (LXII), the 4-keto derivative of humulene, was
isolated from the rhizomes of wild ginger ( Zinigiber zerumbet , S. ) (38).

Humulene, C15II24; contains three double bonds and is thus monocarbocyclic.
Levulinic aldehyde and acid, as-dimethylsuccinic acid and formaldehyde, all reported
as products of ozonolysis, cannot be represented in any one structure (39)- Several
structures have been proposed around the 1,1,4,8-tetramethylcycloundecaneskeleton, which
Sorm and coworkers have synthesized and found identical with hexahydrohumulene (40).

Hildebrand and Sutherland (4l) treated the crude humulene distillate from the oil
of Agonis abnormis with 50$ aqueous silver nitrate solution and obtained a crystalline
adduct which gave pure humulene without apparent isomerization on steam distillation.
The regenerated humulene showed bands in the IR spectrum at 820, $1-0, and 9^5 cm. 1

and. end absorption in the UV spectrum at 220 mp.. As-dimethylsuccinic acid and levulinic
acid were found on ozonolysis. These results agree for structure (LXI) for which
acetoacetic acid would be the remaining product of ozonolysis. Lithium aluminum hy-
dride reduction of the ozonide resulted in a 20$ yield of 1,3-butanediol, apparently
derived from acetoacetic acid (39)-

Zerurnbone (LXII) C15H220, undergoes reduction with lithium aluminum hydride to
yield zerumbol, 0x511240. The reverse reaction can be effected with activated manganese
dioxide (38)- Zerurnbone shows an ultraviolet absorption maximum at 248 mu., 6 = 84 80,
indicative of an a, p -unsaturated carbonyl or a cross -conjugated dienone chromophore (42).
Reduction of zerurnbone with Na-EtOH yielded a mixture of two epimeric tetrahydrozer-
umbols (38). Catalytic hydrogenation with Pd, CaC03/EtOH yielded tetrahydrozerumbone,
C15R26O, (IR: 1700 (carbonyl), 845 cm. 1 (trisubstituted double bond); UV: \ max. 28l
rap, £ = 39) which underwent lithium aluminum hydride reduction to give the same mixture
of alcohols as the IJa/EtOH -eduction. A cross -conjugated dienone system containing an
isolated trisubstituted double bond is shown. Tetrahydrozerumbone yielded a mixture of
saturated ketones on catalytic hydrogenation with Pt/HOAc. Clemmenson reduction of
this mixture resulted in a product exhibiting properties almost identical with the
humalane mixture prepared by Sorm (42).
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LXI LXII

Dev (4jj obtained the NMR spectra of humulene and zerumbone and found them almost
identical in the methyl and methylene region. Zerumbone shoved peaks at 8. 90 (gem-
dimethyls) , O.53 and 8.33 (CH3-C=C-), 7-82, 7.99, and 8.10 (three methylene groups),

5.57 (one olefinic proton triplet), and 6. 17 t (two olefinic protons, a and p to car-
bonyl) . Besides these bands, humulene shoved the extra Ce methylene at 7-49 and 7' 68 t;

olefinic protons shoved a complex group of bands at 5-20, 4. 80 and 4. 6l 1 units. (Spectra
run at 40 Mc. relative to vater; converted to t units by adding 5- 22 to value indicated
in ppm. ) The relative areas of all peaks vere approximately as expected. The results
are consistent vith structures LXI and LXII.
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ORGANIC SEMICONDUCTORS

Reported by T. Koenig
November ^ ^

INTRODUCTION
This seminar deals vith the mechanism of bulk semi conduction in organic solidsSemiconductors, as the name implies, are substances which have conductivities inter-mediate between those of metals and insulators; usually given as 10*3 to 10~ 14 mho cm

_1
They are substances which have low lying empty or partially filled electronic enersv

'

levels which can be utilized in the conduction of electrical current. The studv oforganic semiconductors is a rapidly broadening field which has many interesting

^Z T^ °rg^iC Chemistry as TOl1 as biochemistry, physical chemistr/andpolymer chemistry There has been a great deal of work done on the possible connectionbetween semiconductors and photosynthesis, to give a prominent example. There areseveral reviews and books on the various phases of the topic which have recently or
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' ^ iS little ****** that organic semiconductorswill supplant the crystalline inorganic materials as transistors, but there are variouspossibilities for them as electrical components (3).
various

,™ i^
62*6 ^ many subdivisi^ns to the subject including photoconductivity, molecularcomplexes, super polymers, pyropolymers , synthetic polymers and organic crystals Seg-ments of many of these different areas will be included in this difcussion in order Ssurvey the mechanistic proposals which have been made.

The simplest method of measuring conductivity is to place the sample in a cellwhich has electrodes which can be connected to the sample so that its resistance canbe determined. There are several other methods (5, 6) which have been used. There
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+ f ? f exPerimental Pitfalls which can give internally consistent
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^T' ^ COnsitoatio- *s P-ity, type of cell used,mterfacial effects and space charges all can have large effects on the values ofconductivity obtained (l). As an example, surface currents and surface Id sorption ofparamagnetic gases such as oxygen can cause changes in conductivity of the bulk sLplesby several^ orders of magnitude in the cases of anthracene (7) and chlorophyll (8
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ral princiPle fOT organic semiconductors studied thuslar is the relation expressed in Equation I.

(I) a = *&**/&*,
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Boltzman constant. The physical interpretation of thisequation holds the key to the mechanism of semi conduction in organic solids. Measure-ment of the conductivity as a function of l/T gives a and Ea . Equation n ^Tgeneral relation for semiconduction. a ^uauLon H is a
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Measurement of the Hall coefficient (R) is a common method of determination of
the conduction type (p or n) and the mobility (l). In Figure 3 the experimental method
of determining the Hall coefficient is shown. Current is passed through the sample
in the X direction. By the classical laws of physics a charge traveling in the X
direction will be acted on by the magnetic field (H). This causes the carriers to
travel in curved paths so that a potential is built up on the sample faces in the Z
direction. This potential buildup continues until the electrostatic force on the mobile
charge carriers due to this voltage balances the force due to the magnetic field. The
polarity of the potential formed , the Hall voltage , gives the sign of the charge
carriers. A simple derivation shows this measurement capable of yielding the mobility
for the carriers also (see ref. l)

.
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Another method of mechanistic determination which
has been used is the measurement of the thermoelectric
power or Seebeck coefficient (l). This method is shown
schematically in figure k. A thermal gradient is main-
tained between the two electrode junctions. The two
electrodes are connected to a sensitive voltmeter and
the potential is measured between the hot and cold
electrode. The potential times the thermal gradient
is defined as the thermoelectric power. The reason
that a potential develops between the hot and cold
junction can be most easily seen from consideration of
the inverse effect (Fig. 5)- Electrons under the in-
fluence of an applied electrostatic potential will flow
from the cathode into the semiconductor material. How-
ever there is an energy barrier to conduction in the
semiconductor so that only the electrons in the cathode
which have energy in excess of this barrier will flow to
the anode. The electrons at the junction of the anode
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and semiconductor face no barrier toward entering the anode. Therefore the anode is

warmed at the expense of the cathode. The same reasoning holds when the semiconductor
is experiencing a thermal gradient. Measurement of the polarity of the cold end

gives the carrier type.

PHOTOCONDUCTIVITY AMD SEMICONDUCTION
Barnett Rosenberg (9) and A. NT Terenin (10) have proposed mechanisms for con-

duction in organic solids involving the triplet as the necessary species for conduction.
In Rosenberg's treatment an excited singlet undergoes an intersystem crossover to the
triplet. He proposes in the absence of light the thermal population of the excited
triplet accounts for conduction. The evidence for this mechanism is the agreement
between theory and experiment for the semi conduction Ea and the energy separation be-
tween ground state and the first excited triplet (

3
E)

.

;let

6 «
2)

Triplet Fig.
Photon absorption to excited sinp^let

Energy
States

Ground state

Energy of activation for photocon-
duction

3) Intersystem crossover

4) Semiconduction Activation Energy

The ground state molecule is excited by absorption of a photon to an excited
singlet. The potential energy curve for the excited singlet carbon carbon stretching
mode crosses that of the triplet and an intersystem crossover may occur when the

singlet is in the carbon carbon stretching vibrational level nearest this point
(Fig. 6). The crossover may be a result of Fermi resonance or spin orbit coupling.

The temperature dependence of the photoconductivity shows there is an energy of
activation for this process. This is attributed to vibrational excitation of the

excited singlet to the level at which the intersystem crossover occurs. Therefore
the energy of activation for photoconduction should be approximately a multiple of
the vibrational energy spacing of the excited singlet.

The mechanism proposed to explain charge separation from the triplet is based
on probabilities of tunneling of the electron and hole through the barriers presented
by the intermolecular system. However, the discussion and justification for charge
separation by tunneling given by Rosenberg are singularly unsatisfying. Lyons has
criticized the triplet mechanism because it has not explained adequately the separation
of charge subsequent to formation of the triplet state (20).

TABLE I

Compound Type
Semiconduction

Ea (ev.

)

3p (ev.) l q (ev.)

Photo,

Ea (ev.

)

nliV

Vib E (ev.) Ref.

Anthracene P 1.93 1.88 3-3 0.18 0.172 9, ^
Naphthalene P 1.70 1.26 4.0 O.O78 0.072 45

Pyrene P 2.02 2.08 0.35 0.35 h5

Chlorophyll -b P 1.44 lA3 O.36 0.33 1, 15

Trans -(3 - carotene P 3.01 3.01* 2.58 0.37 0.35 13

15 ,15' eis-p-
carotene 3-5^ 0.19 0.18 15

11, 12-11', 12'

di - ci s -f3 -carotene 16

#-Lycopene (l4)
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The most recent work "by Rosenberg (7) substantiating this theory has been on a
and b chlorophyll. Terenin previously showed that the carriers are holes (12).

The measurements were made on films of chlorophyll in a sandwich-type cell to minimize
surface effects. The results are summarized in Table I.

Rosenberg has also measured semi conductivity and photoconductivity of (3 -carotene
and the results are in support of his theory (Table I). The measurements were made
on glass samples formed by melting and slowly cooling pure trans -f3-carotene. Carotenes
are Imown to isomerize on melting so that the glass consists of a mixture of cis and
trans isomers. The presence of this mixture was verified experimentally. There
was an increase in the a absorption intensity in the region of 3^-00 A ( cis peak)

relative to the crystalline all

-

trans compound. The photoexcitation spectrum (Fig. 7)

showed a maximum at this wave length in contrast to the most frequent case where it

closely parallels the absorption spectra.

Fig- 7

A

(i)

(A)

(B)

Photoexcitation
Absorption

Semi conductivity
Photoconductivity

~ ~^B
Ea = 0. 2 ev.

Ea = 3-01 ev.

3^00 A i/t

This has been correlated well by Rosenberg in his triplet state theory. A
similar C40 carotene , lycopene, shows no phosphorescene in the trans form while the
cis form shows phosphorescence of wave length corresponding to 3-10 ev. (lh) . If
it is assumed that the excited singlet corresponding to the 3^00 A° ( cis ) absorption
lies above that of the triplet but the triplet is anomalously higher than the excited
singlet corresponding to the trans form then the cis form would show phosphorescence
while trans would not. This arrangement of excited singlet and triplet levels would
also account for the photoexcitation maximum at 3^-00 A° quite naturally in the triplet
theory. The excited singlet of the trans molecule would he less efficient in enter-
ing the triplet level due to the Boltzrnan factor. Therefore , this absorption could
not contribute as much to the photoconductivity as the second excited singlet
corresponding to cis absorption.

The carriers in the carotenes were shown to be holes by reversing the polarity
of the irradiated face. This brought about a decrease by 105 in the current when the
negative electrode was irradiated , compared to the current for positive electrode
illumination. It was shown that the current which flowed when the negative electrode
was irradiated was due to light passing through the sample to the opposite face. The
temperature dependence of the semiconductivity yielded a value of ; -. ev. for the
activation energy for conduction in agreement with the value of 3- 10 ev - £°r lycopene
determined from phosphorescence. Rosenberg concluded from this evidence and values
from the literature that photoconductivity may be used to measure the energy of the
first excited triplet state when phosphorescence is not observable.

Measurements on the pure trans and cis compounds (15) (crystalline) gave fair
agreement with theoretical predictions of the Ea values for photoconduction. The
vibrational spacing for the C-C stretching mode in trans molecule is 0. 177 ev.

,

obtained from spectral measurements. If the trans excited singlet is lower than the
triplet there will be an energy of activation for photoconduction of several vibrational
quanta (0.177 ev.xn) so that a reasonable value for this energy would be 0-35 or 0-53
ev. for the trans case.
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It has been shown (Table I) that when the excited singlet lies above the triplet,

a vibrational excitation still may be necessary to promote the intersystem crossover.

A reasonable value for carotene would then be 0. l8 ev. The values of the measured
photoconduction E^ are found to agree fairly well with these predictions. The measure-
ment of the temperature dependence of photoconductivity gave also a transition from
predominantly photon produced to thermally produced carriers as shown in Fig. 8. For
the case of 11, 12-11

'
,12' di

-

cis -ft -carotene (l6) there was no activation energy for

photoconduction. These results seem to support the triplet state theory.

There has been a great deal of work done on simpler acene molecules such as

anthracene. Conduction in these molecules is exceedingly complex. All of the compli-
cations in experimental detail have caused macroscopic effects in the measured values
for the conductivity. Lyons (17-20) has produced a series of papers dealing with all
phases of conduction in anthracene. From his work he has gradually deduced a different
sort of a mechanism which has certain advantages over the triplet theory since it

deals both with production and separation of charges. Terenin (21) recently has pro-
posed this mechanism to be general for most p type organic semiconductor dyes which
he has studied. The apparent correlation between Ea for conduction and triplet state
energy is thought to be fortuitous. Schneider (22) measured by a rather elegant
experiment the mobility and sign of the current carriers in anthracene. The bulk con-
ductivity constitutes a small fraction of the charge transfer in the case of anthracene
but the proposed mechanism is of interest.

Lyons ! fundamental proposal to explain the conduction in solid acene crystals
is of a polarization energy of the crystal which lowers the ionization potential from
he value measured in the gaseous phase. In his first paper, he estimates the value
of this polarization energy from consideration of contributions from surrounding
molecules and assumption of an average polarizability of a crystal. The polarization
energy (p) is proportional to l/S4 where S is the distance of separation of charged
and neutral molecule. Summing over the nearest l8 molecules gives p = -0. 88 ev. as

a first estimate for anthracene. Thus, the energy necessary to ionize a molecule in
a crystal is the gaseous ionization potential minus the polarization energy. This
value for anthracene is 5- 9^« 6 ev. Lyons has verified this estimate by measurement
of the threshold photoemission of electrons by anthracene crystals as 5- 7 ev. Terenin
has made similar measurements on organic dye semiconductors. These authors conclude
the existence of a polarization energy which aids in the formation of ionized states
in the crystal.

In addition to the postulated polarization energy, anthracene has been shown to
have a positive electron affinity (23). Thus an electron, once freed, may be trapped
by one of these molecules in the crystal. The sum of the ionization potential, electron
affinity, polarization energy and electrostatic energy gives an estimate of the energy
necessary for formation of an ionized exciton state. The energy level diagram and
the cycle applied in the estimation of the energy of formation of this exciton state
a^e given as figure 9 and table II respectively. The formation of ionized exciton
states is proposed as the connection between photoconduction and photon absorption.
The excited singlet initially formed by this absorption undergoes a transition to an
ionized exciton analgous to the intersystem crossover of the triplet theory. From
Fig. 9 "the value for formation of the charge carrying state is 0. ^t ,6 ev. (labeled Ea
for photoconduction). The observed value from the temperature dependence of the photo-
current is 0. 2 ev.

The energy calculated for semiconduction energy by this theory corresponds to
the state where the positive and negative parts of the ionized exciton are separated
so that there is no coulombic interaction between them. The value calculated for
anthracene in this state is 3. 8 ev. This does not agree well with the observed 1. 93
ev. energy of activation for semiconduction. In the treatment of organic dye semi-
conductors of Terenin it is stated that the first estimated values of the polarization
energy are low and should be doubled due to formation of two ions in the process. It
is his conclusion that there do exist completely ionized levels in crystalline solids
which are below, in energy, the first excited singlet.
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Fig. 9
Table II

Neutral State: Ionized States

Free Electron

Process Energy (ev.

)

Excitons

1La

3La-

# 5 ev

Crossing V_

2.2
ev.

Remove two m from lattice 2x
4) 9

m -> m + e Gaseous Ionization Ig 7« 2

A - l.k
9 ^ Q

m + e » m

Replace m

Replace m
s. c.

Ea

3.8 ev.

9
Bring m and m to neighboring

sites

Polarize surrounding
molecules

- x

- x

- 2.8

- .8

2. 2 ev.Ground State
Fig. 2.

—
Ig is the gaseous ionization potential, p is the polarization energy, A is the

electron affinity of the molecule, 1La is first excited singlet, 3La is the first

excited triplet.
Table II -

m is a molecule in the crystal, other symbols as in Fig. 9*

A recent theoretical calculation of intemolecular overlap integrals, which are

assumed to be proportional to mobilities, agrees with the experimental fact that holes
are more mobile than electrons in the anthracene crystal. These calculations were
carried out for the positive ion and the radical anion.

A serious criticism of all previous work has been published recently by Moore
and Silver. By measuring the charge distribution in a polarized sample of anthracene
and by calculation of this distribution using an extrinsic and an intrinsic model
these authors find a better fit with their experimental measurements with the extrinsic
model. Their approach is completely different from earlier ones, and it does not seem
reasonable to discount the overwhelming amount of work done on anthracene as an in-
trinsic material as yet. It should be noted that these authors include in their
definition of extrinsic the dissociation of an exciton formed in a primary process,
which is consistent with the Lyons mechanism.

CHARGE TRANSFER COMPLEXES
The existence of charge transfer complexes between acenes and halogen molecules

is well known (26-28). Kommandeur and Hall (29) have measured the resistivities of
pyrene and of perylene iodine complexes of this type. The compositions of the compounds
were found by determination of a phase diagram for the system. The results of this
as well as the study of the same system by Kamatu (31) are given in Table III.

[i (mobility) Type Ref.

TABLE III

Compound Ia/H. C.

Conductivity
( Room Temp.

)

Ea (e.v)

Perylene I.56 0.11 0.06
n

2.42 0.10 0.06
11

0.23 2 x 10" 3 0.09
11

1.50 0.125 0.02

Violanthrene 2.00 O.O79 0.15

Pyrene 2.00 0.013 0. i4

Morpholinium
TCNQ- TCNQ. 102 0.01

0. 01 cm. 2/v sec.

p 31

31

31

29, 30

p 31

31

0. ok
n n 35
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Measurement of the Hall coefficient of the perylene* I2 complexes was attempted
but was unsuccessful. A lower limit to the number of charge carriers (H± ^ 3 x 1019

carriers/g. ) was assigned from an estimate of the upper limit of mobility which would
not have given a detectable Hall voltage. Hie conduction was shown to be non-ionic
by passage of 104 fold excess current through the sample. As can be seen from Table
III the work of Akamatu (31) on the same system gives rough agreement with the con-
ductivity measurements of Kommandeur. Akamatu determined the thermoelectric power
to be a few microvolts and positive , indicating hole conduction.

The phase study showed two distinct compounds formed in the I2 perylene system;

perylene* 1. 5 I2 a-nd perylene- 3 Is- However, there is almost no difference in the
conductivities of the two compounds or the mixtures between them. The crystal struc-
ture and the E. S. R. characteristics are also similar so that the additional I2
molecules must not be important to the conduction process (30). The careful measure-
ment of spin concentration and its temperature dependence gave very interesting
results. The room temperature concentration of unpaired spins was k. 6 x 1019

spins/g. which is in very good agreement with the estimated value for the carrier con-

centration. (Nj_>^ 3 x 1019 carriers/g.). Also, the E. S. R. adsorption intensity
was linear with 1/T and the slope of the line obtained was within the experimental
error of that of the logarithm of conductivity versus l/T line. From these observa-
tions it appears that the energy of activation for conduction is attributable to the
energy necessary for formation of carriers as has been assumed by earlier \rorkers.

Kommandeur and Hall invoke the scheme of Lyons for anthracene in proposing the
origin of such low energy levels barely above the ground state. Perylene has a low
.ionization potential and iodine molecules have high electron affinities and would be
suitable for giving a large polarization energy, mailing it quite possible that the
energy needed for formation of free ions in these solids would be below 0. 1 ev. More
exact figures could not be given without better knowledge of the crystal structure.
Supporting these proposals are the explanations of the absorption spectral shifts in
this type of complex.

A comprehensive survey and investigation into the conduction of charge transfer
complexes has been started by Labes and Sehr (32, 33) • They have reported the
measurement of Ea and the Seebeck coefficient for a 1:1 complex of p-phenylenediamine
and chloranil. The values reported are 1. Ik ev. and +1. 1 x 10 3v/degree respectively.
The positive Seebeck coefficient indicates hole conduction. These authors have also
published a study of crystal structure and its relation to conductivity for a large
number of charge transfer complexes of the amine- quinone and the hydrocarbon halogen
types, but the major part of their work reporting Seebeck coefficients and E. S. R.

correlations is still to be published.
The most notable examples of organic charge transfer complexes are the tetra-

cyanoquinodimethane- amine or metal compounds (3^-36). Unfortunately, these are
also the ones for which the fewest experimental details are given. These complex
radical anion salts have conductivities from 102 to 10 3 mho/ cm. Measurement of the
thermoelectric power shows them to be of the n type. Hall coefficients were not
measureable in these cases and estimates of the limits of measureability with the
assumption that all the radical anions are current carrying gives n^ 0. 04 cm. 2/v.
sec. as an upper limit to the mobility of the carriers present. The E. S. R. character-
istics of these salts are interesting in that they are interpretable in terms of a
triplet rather than a doublet state. The evidence for this is the temperature depen-
dence of intensity of absorption and the appearance of Am = + 2 peaks. Thus, the
charge transfer complex initially formed complexes, so to speak, with itself so that
it behaves as a dimer.

The energy of activation for conduction for the morpholinium radical anion salt
is nearly zero and this compound approaches the behavior of metals in conductivity
measurements. No mechanism is proposed for the conduction of these complexes but
a footnote makes mention of the possibility of an activated hopping process which
would explain the absence of a measureable Hall coefficient. This type of mechanism
is being strongly advanced by Pohl (3, h2)

.
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SEMICONDUCTING POLYMERS
Semiconduction has been observed in a large variety of polymers. These include

polyvinyl chloride (37), polyacrylonitrile (39) > polyphthallocyanine (38) and proteins

(kO) . These polymers show enhanced conduction when treated under conditions which
produce double bonds and conjugation in the molecule. This has led workers in this

field to synthesize polymers which have large numbers of conjugated double bonds. Hie

results of these experiments are quite interesting.

Japanese workers have recently succeeded in producing stereoregular poiyacetylene
of the all trans type in either crystalline or amorphous forms. These polymers show
relatively strong E. S. R. absorption, giving a single line at the g value for an un-
paired spin. The effect of 2 was to decrease both the unpaired spin density and the

conductivity. Ea, for amorphous poiyacetylene was . 83 ev. and for crystalline poly-
acetylene was 0. k6 ev.

Pohl has succeeded in synthesizing a whole series of poly acenequinone radical
polymers by the condensation of anhydrides and acenes in the presence of ZnCl2 .

ZnCl2

200-400° c.

These compounds have a very large concentration of unpaired spins (10
18-10 ~° spins/g.

)

The electrical behavior of the polymers was variable with type and concentration of
hydrocarbon. They had room temperature conductivities ranging from 10 2 to 10 10 mho
cm. 1

. Activation energies were from 0. 1 to 0. 5 ev. The Seebeck coefficients
indicated they could range from p to n type. Conduction was shown to be electronic
by prolonged passage of current, and by measurement of a relatively large Hall
coefficient. Relationship between conductivity and spin density indicates these com-
pounds conduct due to large concentrations of radical carriers rather than by high
carrier mobilities. This result is shown in Fig. 10.

Conductivity is a function of mobility and carriers concentration as in equation
(II) given above. Both the mobility and the carrier concentration have exponential
energy dependencies.

(j. a c
-Eu/kT . _ „ --En/kT

' and N a C '

In the range where spin density is small the conductivity expression (Eqn. II) i:

dominated by En but when En approaches zero the dominance is by Eu..

\y\<t

Fig. 10
100-

Ea
k caJ

mole

7 '"v % <:pins/cm. 3
10-li

Fig. 11

4- - Polymers similar to
polyphenylacetylene

• - Polymers with electror
withdrawing groups.

'2r

<^7,
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The mechanism given by Pohl for the conduction of these solids involves "eka"

conjugation. Eka conjugation is said to arise when the degree of conjugation is such
that appreciable amounts of biradical excitons exist at room temperature. The steps

are outlined below:

1) R ^ • R- AF-, = k T = 3E
n:
—

2) • r- + r —^ • r: ° + r af2 = ah2 + tas2

giving

) 0,-^.(^^3)
where ni is number of carriers, S is spins/ cm. 3

. There is evidence for a hopping
process which gives rise to charge separations.

Weiss (43) j in Australia, has produced polymers similar to the dye fluorescein
with reported resistivity of 1 ohm cm. . However, these workers have been quite
discreet about their work since this report was made. A survey of Russian literature
on polyconjugated polymers was undertaken by Blumenthal (44) with the object of deducing
some generalities about the structures of polymers and their conductivities. This
treatment shows an apparently good correlation of (Fig. 11) but the interpretation
is somewhat vague.

Polymers which contain, in addition to polyconjugation, electron withdrawing or
donating substituents show a broad adsorption (500 gauss) in the E. P. R. This effect
disappears upon dissolving the sample. These wide line compounds also show clearly
expressed saturation effects by static susceptibility measurements. This property
has been designated as organic ferromagnetism due to a collective spin interaction.
It is the conclusion of Blumenthal et. al. that the conduction is unhindered in the
regions of the well-ordered conjugation and the activation energy needed for conduction
is associated with transport between these ordered regions. A possible alternative
explanation for these broad lines in E. P. R. and their correlation with enhanced con-

duction is the formation of intramolecular charge transfer complexes. The latter
would not explain the saturation effects in static measurements.
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THE MECHANISM OF THE WITTIG REARRANGEMENT

Reported by M. D. Steinhardt November 27 , 1961

The Wittig rearrangement, the discovery of which was first communicated in 19^-2 (l),

has not yielded readily to mechanistic studies. The data available until recently have

been ambiguous and often puzzling. At present the mechanism of this rearrangement

cannot be said to be unequivocally established; but a fair representation of the mechan-
ism can now be inferred from the data available. The purpose of this abstract is to

bring together the evidence relevant to the mechanism of the Wittig rearrangement.

Parallels will be drawn between it and the related Stevens rearrangement. Early work
on the Wittig rearrangement and all the important mechanistic studies of the Stevens

rearrangement have been reviewed in a previous U. of I. seminar (2).

A schematic representation of the Wittig rearrangement is shown in Figure I. A
metalated ether, 1, upon standing in solvents such as THF, ether, glycol dimethyl ether,

a. Ri = CqHs

Ri-CH-O-Ra R1 -CH-0~M
+ R2 = CH3

«+ i b. Rx = C6H5M R2
1 2

Figure I

R2 = CHaCells

benzene, dioxane, or liquid ammonia, or in the absence of any solvent at all, rearranges
to the salt of a carbinol, 2. Formally, R2 can be said to "migrate" from oxygen to
negatively charged carbon. The studies which have been made concerning substituent
effects in the migrating residue, the role of the metal cation, kinetics and the question
of intramolecularity of the reaction, and solvent effects are not easy to arrange in a
logical order, for they are closely interrelated and have implications for one another.

It will be seen that many experiments were not carefully controlled, and that in all
probability the mechanism of the Wittig rearrangement is not, in detail, the same for
the variety of compounds which will be mentioned.

The scope of the Wittig rearrangement has not been studied exhaustively, but' from
the reactions which are known to occur, certain generalizations can be drawn concerning
the nature of the migrating residue. The first such rearrangement noticed (l)

occurred in the case of metalated benzhydryl methyl ether, la, which produced a 32^
yield of the corresponding carbinol 2a upon standing in ether at room temperature for
40 hours. Under the same conditions, metalated dibenzyl ether, lb, was converted to
the corresponding carbinol, 2b, in 3^ yield. But metalated benzyl phenyl ether, j5,

produced none of the expected carbinol, only 1,1,2-triphenylethane. The mechanism
shown in Figure II was proposed by Wittig to explain the formation of the latter ( 1)

.

In many of the cases of rearrangement in low yield, analogous condensation products

<t>-CH2-0-4> —^U- <t>-CH-0-4> —-^-» 4>-CH-4>

Li
+

2 Li
+

+ LiO 4>

2
/ <t> CHoO^12V.

LiO<t> + <t>-CH2-CH

Figure II

were isolated; thus, in this abstract, "condensation product" does not refer to an
intractable tar but an isolated compound.

A series of metalated 9-fluorenyl ethers, k_, has been studied by Wittig, D6ser and
Lorenz (j5)« It was found that allyl and benzyl substituents, ka. and 4b, rearranged
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Li
+

0-B
a. R = CH2-CH=CH2
b. R = CH2CSH5
c. R = CH3
a. R = CH2CH3
e. R = Cells

more readily than methyl and ethyl, 4c and 4d, while, as above, the phenyl residue of
ke failed to migrate at all. (These reactions were all run in anhydrous ether.) Thus
it appears that substituent s which can form resonance stabilized ions or radicals migrate
readily; alkyl groups migrate willingly; and in this solvent the phenyl group fails to
migrate.

An attempt was made by the same workers (3) to determine a substituent effect in
the rearrangement of a series of metalated 9 -r*luorenyl aryl ethers, 5* It was found

a. X = H
b. X = CI

c. X = CH3
d. X = N02

X = N(CH3) 3 Ie.

f

that when the substituent was H, CI or CH3 , _5a, 5p_ or 5£^ n° rearrangement occurred
but only condensation after four hours of heating at 100° in absolute ether. The
corresponding nitro compound, 5d, which had to be metalated with lithium methoxide,
was found to rearrange readily to 9 _P _ni"trophenylfluorenol after several hours of
heating at 100° in methanol. ( Tnis product could not be synthesized independently
for comparison, a fact which indicates the value of the Wittig rearrangement as a
synthetic route to carbinols not amenable to the usual syntheses. ) Unfortunately
the p-N(CH3)3 I substituted compound 5£ failed to conform to the above trend, giving
only condensation product upon heating for half a day at 100° as a suspension in THF.

Tiiis study exemplifies the lack of careful control mentioned earlier. One can con-
clude either that electron withdrawing groups accelerate the reaction except where
the compound is insoluble in the medium, as in the case of 5e, or that in ether the
aryl group is unable to migrate and only in methanol, a much more polar solvent, is

such migration facilitated. If the former conclusion is tentatively accepted, one
still cannot safely conclude that the migrating residue is necessarily a carbanion,
for there is a possibility that rate is being enhanced by destabilization of the
ground state rather than stabilization of the transition state.

The possibility of radical character for the migrating residue must also be
considered. As was mentioned above, metalated benzyl 9-fluorenyl ether, 4b, re-
arranged very quickly in ether. However the benzyl 9-fluorenyl ether itself upon
heating in a quartz flask at 280° was converted to toluene and fluorenone. Under the
same conditions, 9-benzylfluorenol was found to be stable. Under these conditions
favoring radical formation, the ether disproportionates without rearrangement. The
Wittig rearrangement was therefore concluded by Wittig (3) not to be a radical reaction.
The migrating residue will be regarded tentatively as a carbanion rather than a car-
bonium ion or radical on the basis of these studies. The evidence for this is not as
strong as one would wish it, however.

Numerous studies support the conclusion that the Wittig rearrangement is almost
entirely an intramolecular reaction. In his first publication of the rearrangement,
Wittig (l) pointed out that in the rearrangement of metalated benzyl methyl ether, la,
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if benzaldehyde and methyllithium were reaction intermediates, one would expect the

excess phcnyllithium to compete fox- benzaldehyde and produce a detectable amount of

benzhydrol. Although a sensitive color test for the latter was made, none was detected.

Again, in the rearrangement of metalated dibenzyl ether, lb, no benzhydrol was detected
among the reaction products. Hauser and Kantor (K) studied the rearrangement of di-
benzyl ether metalated with potassium amide in liquid ammonia and obtained 5^$ yield of
phenylbenzylcarbinol. These workers pointed out that in liquid ammonia if benzaldehyde
and benzyl potassium were formed as intermediates, the latter should immediately be

trapped by solvent and converted to toluene. (A 22$> yield of toluene was indeed ob-

tained; but these workers assert that the carbinol produced must arise by another
mechanism not involving benzyl potassium as an intermediate.) On the other hand,
Scho'llkopf (5) reports that a mixture of two very similar starting materials, 6 and ]_,

gives rise to "cross products" during rearrangement at -$6° in THF/ether. The yield
of cross products (which is undisclosed) led Scho'llkopf to conclude that 6-8$ of the
reaction proceeded by an intermolecular mechanism. The rearrangement thus seems to be

Li
+

/CH3
'/ \VCH-0-CH

6
^CH<

/—\ Li /CH2CH3
D (/ \yCII-O-CH^^

7
\CH3

largely, and in some cases exclusively, intramolecular.

The intramolecular nature of the rearrangement is further verified by kinetic
evidence recently provided by Wittig and Stahnecker (6), who devised a colorimetric
method of following the course of the reaction shown in Figure III. Metalated
benzhydryl phenyl ether, % generated very rapidly from benzopinacol diphenyl ether,

8, by the action of three alkali metals, was allowed to rearrange to the salt of tri-

phenylcarbinol, 10. Absorbance at khG mu was used as an index of concentration of £•

The data were found to be reproducible only when water and oxygen were rigorously

4> 2C .(#;
2M

-> 4> Pc-0-4> * CO"
hydro1 - > «, CQH

Pf
<t> <t>

8

M r+M

10

Figure III

excluded, the reaction was run in sealed cuvettes, and the solutions were exposed only
to red light. Under these conditions, the solutions were found to follow the Lambert-
Beer Law over the concentration range employed, and the reaction gave excellent first
order plots from which the rate constants in the table below were derived.

Metal

Li

Na
K

Rate Constant of Isomerization of 9 in THF (sec. x
)

at 10
_5

M, k0.6°

6.0 x io~4

5.9 x 10~4

5.5 x 10~4

at 10 x to 10"%, k0°

12 to 17 x 10"4

k to 6 x 10"4

<5. 5 x 10"4

The fact that absorption spectra for all three metalated species 9 were essentially
identical indicates that in all three cases there is essentially no covalent character
to the carbon-metal bond. Various other investigations have been directed at assessing
the role of the metal cation in the rearrangement. Wittig and Happe (7) studied the
reaction shown in Figure III by isolating products from rearrangements of 9 in 0. 25 M
solutions in THF. The following yields (in grams) of rearranged and unrearranged pro-
duct were obtained from 1. 3 grams of 8 after four hours at 40°:

Metal Li Ila K Kb Cs

Yield of <t> 3C0H 0.4 0.15 0.15 0.1 0.1

Yield of <$>2CH0<t> 0.4 0.55 0.55 0.5 0.45
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At this relatively high concentration, lithium appears to he the most effective
of the alkali metals in promoting the Wittig rearrangement. The Grignard and zinc

compounds , prepared from the lithium compound by addition of MgCl2 and ZnCl2 respec-

tively, were inert under the same conditions. Unlike the alkali metal compounds, they
were colorless, a fact which suggests that they are relatively covalent in nature and

therefore inert to rearrangement. A similar study of the lithium, sodium and potassium
compounds was made by Wittig and Clausnizer (8) in which the order Li)>Na)>K was demon-
strated, but as above, the differences were not striking. The interpretation of these
subtle changes resulting from differences in the nature of the cation and differences
in concentration is not easy. Wittig (7* 8) has attributed the effect of lithium to

a complexing or bonding of lithium ion to the oxygen atom of the rearranging ether,
complexing which, he suggests, is not possible in the case of the higher alkali metals
because of size, and which is absent in high dilution (10 5 M) . This is probably an

oversimplification, for in THF, higher aggregates of ions are probably present. However,
from the data one cannot conclude anything definite concerning the role of the metal
(notably lithium) cation in the rearrangement.

Although no systematic study of solvent effect in the Wittig rearrangement has
been made, a few quantitative relationships are available and bear mentioning. Wittig
and Stahnecker (6) found that when benzhydryl phenyl ether was metalated with butyl

-

lithium in absolute ether, the resulting compound, 9> failed to rearrange to the expected
triphenylcarbinol, giving 3W° tetraphenylethylene and htffo unidentified oil. When
phenyllithium was used to metalate the same compound in the same solvent, 8C$ tri-
phenylmethane was obtained, and again no triphenylcarbinol. It will be remembered that
when 9 wac generated and allowed to rearrange in THF, 80-90^? yields of triphenylcarbinol
were obtained. In their kinetic studies, Wittig and Stahnicker (6) found that the
rearrangement of 9 proceeded 33$> faster in THF than in glycol dimethyl ether. Thus a
trend can be seen, in which increasing dielectric constant (€) parallels increasing
rate of rearrangement; the case for ethyl ether is not conclusive, however.

ethyl ether (e = k.3) <glycol dimethyl ether (e = 6.8) <THF (€ = 7.3)

For comparison, it might be mentioned that methyl alcohol has a dielectric constant of

33> hence, solvent effect might well be invoked to explain the observed migration of
the p-nitrophenyl residue of 5d.

Wittig and Clausnizer (8) studied the products of the rearrangement of metalated
benz£lFphenyl ether, (|, in THF and in pyridine. It will be remembered that this compound
failed to rearrange in absolute ether. At ^0°, the following yields of products were
obtained

:

5 hours in 30 hours in
Compound Pyridine THF Pyridine " THF

4>£Ht0* 72^ a* \<$> 29?o Ofo

^ 3C0H 16? 3$ kjfo &4
<*> 2CH2 trace C$ ty
* OH trace 2$

Thus the rate of rearrangement is less in pyridine (e = 12-5) than in THF (e = 7-3).
Wittig attributes this surprising result to a specific complexing of the lithium
cation with the free electron pair on the nitrogen of the solvent, and infers that
complexing of the metal with the oxygen of the rearranging ether facilitates rearrange-
ment. (Interestingly, the visible spectrum of 9 in pyridine is much broader in ab-
sorption band width than is its spectrum in THF or glycol dimethyl ether. This fact
suggests specific interaction of the carbanion with pyridine, and could explain the
inhibition of the rearrangement. )

At this point it is appropriate to consider the mechanistic possibilities con-
sistent with the information presented thus far. It is possible that the rearrangement,
as shown in Figure IV, proceeds in one step (path I) or two (path II). In Figure TV,
no specific role has been ascribed to the metal cation. It is certainly possible that
the cation is partially bonded to the oxygen atom of the rearranging species, but in
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Path I.

Path II.

R2C-0

M+

R2C-0

<fe
y

-,*

M
5- 3-

R2C

r'
1

M
+

R2C=0

R»

M

» R2C-0
I

R'

-> R2C-0
I

R«

Figure IV

the absence of strong evidence for such a role, one is reluctant to postulate it. On

the basis of failures to trap the intermediate carbonyl compound with excess phenyl- or

butyllithium, Wittig postulated a mechanism similar to I. However, as has already been
mentioned, Scho'llkopf was able to isolate "cross products" from a mixture of two simi-
lar starting materials, a finding which supports a mechanism such as II. It should be
noticed that Path I employs the rather controversial frontside nucleophilic displacement
of the so-called Sjji mechanism. Implicit in such a mechanism is the hypothesis that if
the migrating residue R' were asymmetric, its configuration should be completely re-

tained in the product. By contrast, path II would be expected to give extensive race-
mization of such an asymmetric migrating residue. (Precedent for such racemization can
be found in the report by Letsinger (9) that at 0°, optically active 2-octyllithium
racemized in a mixture of petroleum ether and ethyl ether, judging by racemic carbona-
tion product. Curtin and Koehl (10) obtained optically active carbonation product from
optically active sec-butyllithium at -10° in pentane, so the racemization is facilitated
by polar media. ) These predictions suggest an approach to distinguishing clearly
between paths I and II, by studvin^ a rearrangement in which the migrating fragment is

asymmetric.

Such a study has recently been reported by Scho'llkopf and Fabien (5)- These workers
studied the rearrangement of metalated benzyl sec -butyl ether, 11, both in racemic and
optically active form. In this elegant investigation, it was found that extensive
racemization occurred during the Wittig rearrangement, and that to the extent that
activity remained, it was in the sense of retention of configuration. The optically
active ether was prepared from sec-butanol of known configuration by the path shown in
Figuz^e V. The rearrangement product, phenyl-sec-butylcarbinol, 12, was oxidized to
the corresponding ketone, 13, which was also synthesized as shown with known optical
purity and configuration.

The result s of ten experiments und er various conditions of temperature , solven
and metalating agent arei shown below.

Solvent Temp. Metala- % Opt. % Opt. % Racemi- <fo Reten
°C. tion Purity Purity zation tion

Agent CH3
0-fi-C-H<t>CH

CH3CH2 CH3CH2

THF -35° n-Bu-Li 22.6 3=9 82.6 17.4

THF,
THF/ether

-35° <t>-Na 50.95 10.4 79-6 20.4
-70° n-Bu-Li 93-7 17.5 81.3 18.7

ti -30° ti

93-7 16.7 82.2 17.8
ii 25° it

49.5 6.3 87.3 12.7
Ether 35° tt

49-5 13.9 72.0 28.0
Ether/Benz.

C 25° ti 46.85 13.1 72.0 28.0

Benzene 25° ii 46.85 15.1 67.7 32.3
Pentane 25° ti 26.85 8.35 69.O 31.0
Glycol di- -35° it 26.85 5-9 77-9 22.1

methyl ether

cone, about 0.
b

17 M. about Vf/o ether.
C
l:l
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CH3
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CII2CH3
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known configuration

+
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CH3CH2-C^CH3
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CH3CH2C-CII3
CrQ3
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CH3

i-H
J*"
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y n-BuLi
+
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J /*
<J>C-C-H

CH2CH3

Figure V

n CH3
V

I

J

'Li + £-f-H

Li CH2CH3

(-)

known configuration

The result obtained, partial racemization, was an unhappy one from all standpoints. It

necessitated careful control experiments to show that the racemization had indeed

occurred during rearrangement, not during the workup or separation of products, not

as a side reaction, and not prior to the rearrangement step. Recovery of optically
active starting materia,! after partial reaction, as well as subjecting a synthetic
sample of optically active product to both reaction and workup conditions, in the

presence of the impurities found among the reaction products as well as in their
absence, showed that racemization occurred in none of these instances.

Partial racemization is, in addition, not easy to interpret in terms of mechanism.

Although Scho'llkopf (5) interprets his data as ruling out a one-step mechanism (I)

since it would predict complete retention of configuration, it is nevertheless possible
that path I is in competition with path II, i.e. that both mechanisms are operative.
This interpretation assumes essentially complete racemization in the tiro-step mechanism
II, an assumption which Letsinger's results (9) cited earlier seem to justify. Unless
the intermediate ion pair is very intimate indeed, racemization should be possible.
If one argues that the ion pair is very intimate indeed, and that there is not room
for such racemization, such a species would be sterically identical to the transition
species of path I and should be a very fleeting intermediate, i.e. not physically
distinguishable from a transition species. The only real distinction one can draw
between such a species and the transition species of path I is that of charge distri-
bution; for in the latter, no negative charge is distributed on the migrating residue.

It will be remembered, however, that the evidence for the existence of a negative
charge on the migrating residue is very tenuous indeed. Therefore the evidence at
hand cannot be said to rule out the occurrence of competition between the two mechanisms
of Figure IV.
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The solvent dependence of the stereochemical course of the rearrangement is striking,
the steric specificity being highest in benzene , intermediate in ether and lowest in

THF. This can be interpreted in terms of the ability of the solvent to stabilize a
charge separation in the intermediate ion pair. The greater the dielectric constant,
the more the solvent facilitates racemization. The temperature dependence of stereo-
specificity is more difficult to rationalize. The fact that greater racemization
occurs at higher temperature could indicate an increase in the intermolecular portion
of the reaction at higher temperature. It should be noticed that although Scho'llkopf

asserts that the intermolecular portion of the reaction occurs only to the extent of
6-

8fi>
when racemization occurs to the extent of 82^ (therefore racemization cannot be

due only to intermolecular reaction) , the evidence for this is only mentioned in a
footnote and is not documented in the Experimental portion of his paper. It is not
revealed whether the rates of isomerization of 6 and "]_, which were used for the inter-
change experiment, were shown to be equal. Lacking this information one is unable to
rule out the possibility that extensive intermolecular reaction could account for
Scho'llkopf ' s extensive racemization results. A path II mechanism might well be expected
to give rise to such intermolecular reaction if the metal cation is not complexed to
the oxygen of the rearranging species , for there is no electrostatic attraction to pre-
vent the carbonyl compound from escaping. The failure of various attempts to trap the
carbonyl compound in other systems makes it unlikely that extensive intermolecular
reaction is general for Wittig rearrangements , however.

In conclusion, it is interesting to consider the evidence concerning the mechanism
of the Stevens rearrangement in light of the data presented for the Wittig rearrange-
ment. The Stevens rearrangement, is shown schematically in Figure VI. By studying

R-CH-W(CH3) 2 ^f> R-CH-N(CH3) 2

R 1 R

Figure VI

the effect of substituents in the aromatic ring of a migrating benzyl residue, the
migrating fragment was shown to bear a negative charge (i.e. , electron withdrawing
groups facilitated rearrangement) (11). The reaction has been shown to occur with
complete retention of optical activity when the migrating fragment is optically
active sec-butyl (12) and the configuration of the sec-butyl residue is retained (13)'
The course of the reaction has been shown to be intramolecular (1^-) by the absence of
"cross products" from a mixture of two starting materials which individually rearrange
at the same rate.

The Stevens rearrangement is clearly related to the Wittig rearrangement, in that
the migrating fragment in both cases seems to bear some negative charge, in that a
1,2-shift from a hetero-atom to carbon is involved, and in that the formation of a
carbanion a to the migrating species precedes its departure from the hetero-atom.
The difference between the two rearrangements lies in the absence of racemization in
the Stevens rearrangement. Scho'llkopf (5) has suggested that both rearrangements
proceed by way of ion pairs, but in the Stevens rearrangement, the ion pairs recombine
more rapidly and therefore have no opportunity to racemize. This suggestion, however,
fails to take cognizance of the difference of solvent for the two reactions. It seems
incredible that in aqueous solution there could exist an ion pair which would not
racemize. Of course, one could argue that it is a very tight and short-lived ion pair;
but such a picture differs from the transition species in the 1-step mechanism, I,

only in electron distribution on the migrating carbon. If one defines the Sjji transition
state as similar in charge distribution to that of the Sjj2 displacement (i.e., plus
charge, if any, on the migrating residue), the Stevens rearrangement cannot properly
be called Snji, because of the substituent effect in the migrating residue. It lies
midway in mechanism between paths I and II. In the case of the Wittig rearrangement,
a careful study of the substituent effect in the rearrangement of a series of benzhydryl
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aryl ethers (for example) would be required to demonstrate a genuine substituent effect
in the migrating residue. In the absence of such information, one cannot rule out
the possibility that the portion of the reaction leading to retention of configuration
is S^i; but it more probably follows a mechanism like that of the Stevens rearrange-
ment. The portion of the reaction leading to racemization most probably proceeds by
both inter- and intramolecular ion pair reactions, in the two cases studied by Scho'llkopf

and coworkers (15)- It is entirely reasonable that a continuum of mechanism can exist
between the extremes of one-step and two-step migration, and of carbonium ion and

carbanion character for the migrating residue, as shown in Figure VII. The locations
of I, II and the probable locus of the Stevens rearrangement (S) are indicated. The
Wittig rearrangement cannot be located on this spectrum at present. In neither it nor
the Stevens rearrangement can a "pure" Sjji mechanism be said to occur. It is not
unimaginable that further investigation of substituent effects in both rearrangements
could demonstrate Sjji character for some compounds.

carbonium ion

ol

S. .carbanion II

1-step 2-step

Figure VII
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1,2, 3, ^-THIATRIAZOLE DERIVATIVES

Reported by David W. Weisgerber November 'j>0
, 1961

The first report of compounds to which the thiatriazole structure, I, was
assigned was published in 1896 by Freund and Schwarz (l) , who obtained these compounds
by treatment of alkyl thiosemicarbazides with nitrous acid. A year earlier, Freund
and Hempel (2) had reported that when 4-phenylthiosemicarbazide is treated with
nitrous acid, a substance is produced to which they assigned a tetrazole structure, II.

It is insoluble in dilute acid, as well as in ammonia and sodium carbonate, and de-
composes vigorously on heating. Warming of an alkaline solution of II followed by
acidification yields an isomeric substance, which is soluble in ammonia, sodium carbonate,
and alkali, and to which structure III was assigned. The observations and relative
ease of isomerization, however, argue against the assigned structures. Diazotization
of an alkyl thiosemicarbazide (1, 3) produces a substance which proves to be basic in
contrast to that obtained from the phenyl compound. On the basis of its decomposition
in aqueous solution with precipitation of sulfur and evolution of nitrogen and of its
marked instability in comparison to II, Freund assigned it a thiatriazole structure, I.

R-WH-C-MH-NHp + HNO-
R

Np-SH

—Nu

III

Oliveri-Mandala (4, 5; 6) later reported that the compound produced by the reaction
of phenyl isothiocyanate with hydrazoic acid has properties very similar to those of the
compound produced by the diazotization of ^--phenylthiosemicarbazide. Azide and sulfide
ions were noted on alkaline degradation. He decided that these compounds had properties
which were more in keeping with a thiocarbamyl azide structure, IV. Treatment of this
"phenylthiocarbamyl azide" with base yields a compound identical with III as reported
by Freund. Oliveri-Mandala suggested that the initial diazotization products of thio-
semicarbazides are identical to those produced by the reaction of an isothiocyanate with
hydrazoic acid. Freund had eliminated the thiocarbamyl azide structure from considera-
tion principally because they had detected no azide ions among the degradation products;
however at another point "an odor of hydrazoic acid" was reported. The differences noted
by Freund between the aryl and alkyl series were attributed by Oliveri-Mandala not to

differences in structure, but rather to variations in stability due to the nature of R.

RN=C=S + HN3 Rlffl-C -li-
OH

III

IV

Investigations were only recently undertaken to resolve these conflicts concerning
the structures of the initial diazotization products of 4 -alkyl and 4-aryl thiosemi-
carbazides. The three basic structures (and their tautomeric forms) which had been
proposed and merited consideration were the 5 -(substituted) amino-1, 2, 3, ^--thiatriazole

I, the 1-substituted tetrazole -5 -thione II, and the substituted thiocarbamyl azide IV.
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In 1956 F. L. Scott (7) reported that the infrared spectra of certain so-called
thiocarbamyl azides are conspicuous by the absence of any azide stretching absorption
in the 2l80-2l60 cm. -1 region. Carbamyl azide, dimethyl carbamyl azide and diphenyl
carbamyl azide display strong azide absorption bands in this region. Spectroscopic in-
vestigations (8, 9; 10; 11) have demonstrated that the azido group can be readily
identified by the strong N=N=N asymmetric stretching absorption vhich occurs with great
consistency near 2130 cm. 1

. It may normally be expected within the range 2l80-2080

cm. l
. The corresponding symmetric stretching absorption occurs at about 1280 cm. x

and is not only much weaker, but also much more variable in position.

Investigation of the infrared spectra of the initial diazotization products of

alkyl and aryl thiosemicarbazides, as well as of the compounds produced by the reaction
of isothiocyanates with hydrazoic acid, fails to show the presence of any azido group
absorption (7; 12, 13, 1^) • A comparison also proves the identity of the compounds
produced by the two methods. As additional evidence, the characteristic absorptions for
C=S and -!J-C=S are also absent. This eliminates Oliveri-Mandala's assertion that the
products of the above reactions are thiocarbamyl azides. The similarity of the spectra
of the alkyl and aryl thiosemicarbazide diazotization products indicates that they
possess the same basic structure. This serves to eliminate Freund's conclusion that
the initial products are fundamentally different.

Comparison of the infrared spectra of the products obtained by diazotization of
thiosemicarbazide and k -methylthiosemicarbazide indicates that the same ring system
occurs in both cases. An attempt was made to distinguish between the structures by
detection of an amino group. In the spectra of the product obtained from thiosemi-
carbazide one observes bands at 3257; 3^-13 &nd 1621 cm. * which have been attributed
to V

s NH2 ;
v a N^2 and 5 NH2 respectively (15). Such an assignment favors the

thiatriazole structure I, but it is not possible to employ these observations with the
certainty necessary for structural determinations, since combination vibrations and
overtones of similar intensity could occur in the same regions. A decision is not
possible through deuteration with D2O because of the instability of the compound.
Attempts to detect the amino group chemically were also inconclusive.

Additional information was obtained by a study of the nuclear magnetic resonance
spectrum of the initial diazotization product of h -methylthiosemicarbazide (15; lG)

.

The nuclear magnetic resonance spectrum of 2,^-dimethylthiosemicarbazide possesses a
CH3- signal at x = 6. 50, and a doublet at x = 7- 07 ( J = h. 7 t 0. l) arising from the
methyl group in the k -position. The splitting of this latter signal is attributed to
spin-spin interaction with the neighboring proton. A doublet at 1 = 6. 7^ (J = ^. 7 "t

0. l) is also observed in the spectrum of the diazotization product of ^-methylthiosemi-
carbazide and is accordingly interpreted as due to spin-spin coupling with the neighbor-
ing proton. On this basis the thiatriazole structure I was assigned to this compound.
Because of the similarity of the infrared spectra of the other compounds resulting from
the diazotization of ^--substituted thiosemicarbazides, the thiatriazole structure may
be considered correct for them also. Lieber (17) has assigned bands at 911-889; 9^2-

930, 1060-1030 and 1122-1090 cm.
-1

to the characteristic skeletal vibration bands of
the thiatriazole ring system.

Because of the crystalline character and relatively high melting points of the 5-

( substituted) amino-l,2,3;^--thiatriazoles Lieber had suggested that they might be
explained by a meso-ionic structure, in which the ring bore a fractional positive
charge balanced by a corresponding negative charge on the group in the 5 -position ; V

(13; 18).

I C+; I

HN—-—

N

A conclusive assignment of a meso-ionic structure is not possible on the basis of the
ultraviolet spectra, since the dimethylamino derivative, in which tautomerism is not
possible, shows the same characteristic absorptions as those compounds for which
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tautomerism is possible. The dipole moments of ^-axalno- , 5-methylamino- and 5 -dimethyl-
amino-1,2,3 ,4-thiatriazole were found to be 5«77> 5« 72 and 5.Qk Debyes respectively.
While they are large, they are approximately the same. This suggested that the 5~(sub-
stituted) amino-l,2,3>^-thiatriazoles are best represented by conventional covalent
structures with significant ionic resonance contributions rather than by a meso-ionic
structure.

5-Dimethylamino-l,2,3.A-thiatriazole has recently been prepared by the reaction
of one mole proportions of thiophosgene and sodium azide, followed by treatment with
dimethylamine (19). The intermediate is thought to be 5-chloro-l,2,3,^-thiatriazole.

This procedure, however, is hazardous as the intermediate (s) or side-product(s) de-
tonate very easily.

Cl-C-Cl + W3

I!

-5
(

C1-C
/SX

\N

- N NJ

In connection with the thiatriazole investigations Lieber (20, 21) studied the so-

called azidodithiocarbonates. "Azidodithiocarbonic acid," VI, is prepared by the
reaction of sodium azide and carbon disulfide. Treatment of the sodium salt of "azido-
dithiocarbonic acid" with an alkyl or acyl halide produces the corresponding "azido-
dithiocarbonate, " VII.

CS2 + NaN3 > NaSCN3
H

RX

* HSCN3

VI

RSCN3

VII

Lieber and co-workers noted that the infrared spectra of "azidodithiocarbonic acid"
and 'benzoylazidodithiocarbonate" also fail to show any azido group absorption and are
similar to the spectra of the thiatriazoles. The chemical behavior of the azidodithio-
carbonates resembles that of the 1,2,3A -thiatriazoles. On this basis they assigned
structure Villa, J+H-l,2,3A _'thiatriazoline-5-thione, and IXa, 4-benzoyl-l,2,3^-
thiatriazoline-5-thione. The choice of these structures over the tautomeric forms VHIb
and DCb was dictated by the apparent absence of any SH stretching absorption and the
strong absorption assigned to C=S.

S=C II HS-c^N* 5=C
><?K;K

-N CeHsCO-N- -N

CeHsCO-S-C

N-

N

-B

Villa VHIb IXa IXb

While the acyl derivatives undergo a spontaneous decomposition to form an iso-
thiocyanate, the alkyl derivatives invariably form normal thiocyanates. Audrieth,
Johnson and Browne (22), who had accepted the azidodithiocarbonate structure for these
compounds, suggested that the normal thiocyanate is first formed, followed by inter-
conversion to the isothiocyanate in the case of the acyl compounds. The isomerization
of thiocyanic acid estersto the corresponding isothiocyanic acid estersis known (23,2^).
In most cases drastic temperature conditions are required to effect the transformation.
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Isomerization of allylie thiocyanates, however, occurs readily and has been explained
by an intramolecular concerted mechanism. Lieber suggests that the alkyl derivatives
have structure X and the acyl derivatives structure IXa. By assignment of these struc-
tures and the mode of ring rupture indicated, all of the degradation products are ob-
tained without having to postulate the rearrangement of normal to iso-thiocyanate. (The
indicated mode of ring rupture is the same as that described for the 5 -(substituted)
amino-l,2,3,^-thiatriazoles) . Spectral data for some of the alkyl derivatives would be
helpful, but none have been reported. The substituted -1, 2, 3,4-thiatriazole -5 -thiones
obviously merit more study.

The preparations of some 5~aryl- and 5-benzyl-l,2,3A-thiatriazoles, XI, have
recently been reported (25, 26). These are prepared by treatment of the corresponding
thioacylthioglycolic acid, XII, with sodium azide in weakly alkaline solution or by
diazotization of the thiobenzoylhydrazide, XIII.

R-C-NH-NH2
I! v
S

XIII

» RCN + N2 + S

XII

The phenyl derivative has also been prepared by the reaction of thiobenzoyl chloride
with sodium azide and of thiobenzoic acid with hydrazoic acid (27).

These compounds show no azido group absorption in the infrared region and fail to

react with Grignard reagents as do react azides. Thermal decomposition yields the

corresponding aryl nitrile, sulfur and nitrogen. If the compounds were thioacyl azides
one would anticipate a reaction similar to the Curtius reaction. The phenyl compound
resists the action of aqueous alkali, hydrochloric acid, nitric acid and peroxy acids.

Treatment with fuming nitric acid leads to nitration in the para-position. The compound
is easily reduced by lithium aluminum hydride to benzyl mercaptan.

Treatment of 5 -amino-l.>2,3.A-thiatrizoles with base leads to the occurrence of
several competing reactions: (a) an internal oxidation-reduction reaction with forma-
tion of sulfur, nitrogen and a cyanamide, (b) ring rupture to give the corresponding
isothiocyanate and azide ion, and (c) isomerization to the 1-aryltetrazolinethione,
XIV, when R = aryl.

rnh-c^s\n

N

N2 + S + RNH-CEN

RN=C=S + N3
~

R

-MH

R = aryl

XIV

A marked property of 5 -&min°-lj2,3.A-thiatriazole is the remarkable instability
of its aqueous solution. On standing at room temperature for a short time, the whitish
opalescence of colloidal sulfur appears; this is accelerated by warming. One mole
proportions of nitrogen, sulfur and cyanamide are formed (28). It should be noted that
this decomposition parallels thermal decomposition from the solid state. Lieber has
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suggested that the reaction proceeds "by an internal oxidation-reduction involving the

sulfur atom and the three sequentially linked nitrogen atoms of the ring. This could

occur by heterolytic "bond breaking with the oxidation-reduction occurring through the

thione and azido groups.

" \ S«

"-CK^Nf: hJT-eSI „ > h2n-C;N: + s + n2H2N-

.N- -N,

HaN-C^ „
X
N=N=N

$ 9

or by an intramolecular oxidation-reduction movement of electrons prior to the disintegra-

tion of the ring.

.CI 1 q.-^?;
HaN-C^-Nff*) HaN=C=W + S + N2

*^y

Lieber (28) investigated the decomposition of 5-amin°-l>2,3,^-thiatriazole in

benzylamine. Upon warming one molar proportions of each, a vigorous reaction resulted
with the evolution of nitrogen and precipitation of sulfur. Benzylguanidine was isolated
from the reaction mixture in J($> yield. As the amount of benzylamine was increased,
the violence of the reaction was moderated and the amount of sulfur decreased. Benzyl-
ammonium azide was then readily isolated from the reaction mixture by sublimation. The
yields increased from 27 to Qffl as the mole proportions of benzylamine increased from
two to four.

Under milder reaction conditions and with removal of excess benzylamine by steam
distillation, sulfur, benzylthiourea, l,3~dibenzyl-2-thiourea and benzylammonium azide
were all isolated. These experimental results indicate that 5 -amino-1,2, 3 ,4-thiatriazole
may be considered to undergo two competing reactions in benzylamine.

HaN-G

N

^Nn HaN-CEN R; +

(b)^HN=C=S + N3 " + B:lf

Mode (a) is the same as that for the thermal decomposition discussed above. Mode (b)

is initiated under environmental conditions that will favor creation of the anion XV
which, according to Lieber, then undergoes heterolytic bond breaking to XVI followed
by decomposition. The isothiocyanic acid, XVII, thus produced reacts with benzylamine
to produce initially benzylthiourea which in turn undergoes reaction with excess
benzylamine to produce l,3~dibenzyl-2-thiourea.

.e

I
II

-N N

HN=C
->

$

-> HW=C=S + N3

XV XVI XVII

This explanation assumes that isothiocyanic acid is formed in the course of the reaction
and only then reacts with benzylamine. This need not be the case. Benzylamine could
play a more important role in the reaction than that which has been assigned to it.

When 5-anilino-l,2,3^-thiatriazole is warmed in alkali, isomerization to 1-

phenyltetrazolinethione occurs. Degradation also occurs as evidenced by formation of
azide and sulfide ions and by isolation of aniline and l,3~diphenyl-2-thiourea. Lieber
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(13) has suggested that degradation may be interpreted as initially proceeding "by

decomposition to phenyl isothiocyanate and azide ion, followed by basic hydrolysis to
aniline and to bisulfide and bicarbonate ions.

C6H5ffli-G-c/"
s\] C6H5W=C=S + N3 + H2

OH

C6H5NHCNHC6H5

H2O

C6H5NH2 + HS + HCO3

When only one mole proportion of sodium hydroxide is used, the hydrolysis is retarded
owing to consumption of the base, but the fact that it does occur is evidenced by the
presence of l,3-diphenyl-2-thiourea in the residue and steam distillate. In the presence
of a large excess of base, aniline is the only volatile product isolated.

Basic degradation and isomerization has best been accounted for on the basis that
the anion initially undergoes heterolytic cleavage to give a thiocarbamyl azide -type
intermediate, XVI, followed by decomposition or ring closure. Isomerization to the 1-

substituted tetrazolinethiones has only been observed for the 5-arylamino-l,2,3A-
thiatriazoles. It is possible that the isomerization is actually an equilibrium in
which the thermodynamically more stable tetrazole predominates.

Similar isomerizations of heterocyclic compounds have previously been reported.

Dimroth (29) reported the thermal isomerization of l-aryl-5-amino-l,2,3-triazoles.
At I5O in ethanol an equilibrium mixture of 4-carbethoxy-5-anilino-l,2,3-triazole,
XIX iljfo) , and l-phenyl-^-carbethoxy-5-amino-l,2,3-triazole, XVIII (2^), was obtained
from XVIII. A quantitative conversion to the acidic from, XIX, occurs in the presence
of pyridine or sodium ethoxide.

NH-

^6%

CaH5OC-C

I

150 C6H5lffl-C

H
I

C^OC-d
1

N

N

XVIII XIX

The isomerization of l-substituted-5-aminotetrazoles, XX, to 5 -(substituted) amino
tetrazoles, XXI, at l80 to 200° in homogeneous systems was investigated by Henry,
Finnegan and Lieber (30, 31) • The position of equilibrium was found to shift toward
the 5~( sub stitutei) amino tetrazole as the electronegativity of the substituent increased.
An approximately linear relationship exists between the position of equilibrium and the
pKg, of the 5 -(substituted) amino tetrazole, XXI. The mechanism has been suggested to be

a thermal opening of the tetrazole ring to form a substituted guanyl azide which re-
closes to give an equilibrated mixture.

NH2-C

R

—il

RNH-
_^

XX XXI
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CH3
I

ch3ith-c^
sN:-nh2

rfa2C°3
> hs-c^N:-ith2

N CH H- -CH

XXII XXIII

Cook, Doimer and Heilbron (32) reported that the addition of 5-araino-2-methylamino-
thiazole, XXII , to dilute aqueous sodium carbonate results in an exothermic reaction
producing 5 -amino-2-mercapto-l-methyl glyoxaline, XXIII.

Refluxing of 5-arylamino-l>2,3;4-thiatriazoles in concentrated hydrochloric acid

is reported to give rise to 2-amino-benzothiazoles, XXIV, plus other elimination pro-
ducts (7, 12). 2-Amino-benzothiazole and 2-amino-6-methylbenzothiazole were obtained
in ^(Sfo and 36$ yields respectively from the corresponding thiatriazoles.

p-RC6H4 -NH-C-^ Nt
C
°££* (f* ^r"N\ other

reflux
u-NH2 + elimination

Fl^^ ^& products
+

XXV XXIV

Scott thought that 2-azidobenzothiazole appeared to be a likely intermediate,, but
found that it only underwent extensive decomposition under the same conditions. He
has suggested that initially XXV oxidizes some hydrochloric acid to chlorine and is

itself reduced to an arylthiourea (a small amount of this was isolated from the reaction
mixture). The chlorine then oxidizes XXV leading to ring closure with simultaneous
elimination of nitrogen. When an extraneous oxidizing agent such as manganese dioxide
was added to supplement the reaction, it resulted in complex reactions and diminished
the yield of the benzothiazole.

1

2

5
4

5

6

7
8

9

10

11

12

13
l4

15
16

17

18

19
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FUMAGILLIN

Reported "by L. D. Spicer December k, 1961

INTRODUCTION

The complete structure of the antibiotic fumagillin I (1) and the configuration of
a closely related degradation product II (2) have recently been elucidated.

—^1

L

\E Me

! cAf3
J

8(CH=CH) 4C0aH
^3

-OCH3
Q CH

1 jfY
Br

Aspects of antibiotics such as fumagillin containing 1,2-epoxides have been re-
viewed (3)- A review has also appeared on the mechanisms of epoxide reactions (k)

.

Tliis seminar will deal with the sequence of assignments involved in the fumagillin
work.

Fumagillin was obtained from a strain of Aspergillus fumigatus , and was of special
interest because of its anti -phage (5), and carcinolytic activity (6).

FUMAGILLIN AG AN ACID ESTER
Early investigations led to the attainment of an alcohol, III, termed Alcohol-I

(7), and a diacid, IV, upon mild saponification of fumagillin. IV was shown to be
2,^1-,6,8-decatetraenedioic acid (8). Transesterifi cation occurred when fumagillin
was saponified in methanol with NaOH, yielding the monomethyl ester of IV, whic.l con-
firmed that fumagillin is a monoester of a dicarboxylic acid (9)-

CH2> CH3

\ H02C(CPI=CH)4C0aII

k0CH3
OH III or Alcohol-I IV

The possibility of rearrangement of Alcohol-I with dilute ethanolic aqueous NaOII

in the saponification of fumagillin was decreased by another saponification with pH 10
borate buffer, which gave III in good yield (l)- It would seem that any remaining
doubt could be removed by re-esterification of IV with Alcohol-I,

PRESENCE OF THE CARBOCYCLIC RING AMD FUNCTIONAL GROUPS
The early work of Schenck involved ozonolysis, hydrogenation and determination of

the functional groups. The presence of one methoxyl, one hydroxyl, two C-methyl groups
and two non-carbonyl oxygens was indicated. On ozonolysis of Alcohol-I, acetone and an
a, p -unsaturated aldehyde were obtained. On further ozonolysis, glyoxal was obtained.
Since III showed no conjugation, a new double bond was postulated as a result of an
ether ring opening followed by rearrangement. A shift of a double bond, non-conjugated
in III, was ruled out since in the a, (3 -unsaturated aldehyde, a new hydroxyl was present.
From these results, the grouping V was postulated for Alcohol-I (7).

In ozonolysis experiments on fumagillin by Landquist, a 0,3.30;, (3 -unsaturated alde-
hyde and acetone were obtained. In contrast to Schenck 's results, ozonolysis of the
a, (3 -unsaturated aldehyde gave methyl glyoxal. This sequence led Landquist to postulate
VI as the grouping present in Alcohol-I. The CK,j3 -unsaturated aldehyde was thought to
proceed by formation of VII, followed by dehydration (10). It can be seen that the pro-
duction of methyl glyoxal would be consistent with a further dehydration of VII, cf.

Alcohol-I, followed by ozonolysis.
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[CiiH2803]-CII-CH=C(CH3)2
X C-—CH-CH2-C=C(CH3)2 C—C-CH^O

L-0 'W OH OH

V VI VII

Hydrogenation of fumagillin, I, followed by saponification gave Alcohol-I
derivatives of one (VIII) , two (IX), and three (X) moles hydrogen uptake. Attempts
to correlate the expected sequence of hydrogenation as the first mole of hydrogen
reducing the double bond, followed by two subsequent hydrogenolyses of ether rings
were only partially successful. These attempts involved reaction of dinitrobenzoyl
chloride with the hydrogenation product and analysis of the resultant material. The
hydrogenated alcohols were not pure at this stage, but the unreactivity of the hydroxyl
present in Alcohol-I and the possibility of ether ring cleavage in IX and X made the
determinations even less reliable (7)- Tarbell later obtained these hydrogenation
products in a pure state (11).

CH3 .OH nTT„
CH3 OH

QH3

VIII IX X

Dehydrogenation of X by Schenck yielded materials that, although not positively
identified, were suggestive of benzofurans and aromatic carbonyl compounds. The
presence of a six-membered ring in X was considered likely (7)- Tarbell obtained a
dehydrogenation product from IX very similar to 3^5-dimethylbenzofuran (12).

THE SIDE CHAIN
Besides aromatic products, Schenck obtained ethyl isoamyl ketone by Se de-

hydrogenation of X, which was considered evidence for branching in the side chain (7)-

Further, by acid permanganate oxidation of the tetrahydroalcohol IX, isocaproic
acid was obtained by Tarbell. From this evidence and the previous isolation of
acetone from Alcohol-I by ozonization, the grouping XI was considered present in

IX, and the grouping XII in Alcohol-I (12).

>CCH2CH2CH( CH3) 2 XI ^CCH2CH=C(CH3) 2 XII

Landqui st obtained a C6 carbonyl compound from hydration and periodate oxidation
of III, which from analysis, U. V. , I. R. and rearrangement to a known compound was
considered ^--methylpent-3-enal (10). Tarbell also obtained a small amount of an
identical material, but a later synthesis of the authentic compound showed the assign-
ment to be incorrect (l4). From previous ozonization experiments and the attainment
of a C6 carbonyl group after hydration of III, Landquist considered XIII present in
III (10).

£H3
CH* PH

c——cH-cn2-cH=q^ xiii

CAR30CYCLIC RING SUBSTITUEIITS
Tarbell obtained the ketone derivative, XIV, of the tetrahydroalcohol, IX, by

Cr03-pyridine oxidation. This and other tests showed that the hydroxyl in Alcohol-I

was secondary. The possibility of rearrangement during the oxidation of IX was ruled

out by hydrogenation with platinum of XIV to IX (12).





-101-

The presence or one free methylene group adjacent to the carbonyl in XIV was shown
by the formation of a monofurfurylidene derivative, XV (ll).

That the carbonyl group was indeed a member of the carbocyclic ring was shown by
ozonization of the monofurfurylidene derivative, XV, followed by oxidation with II2 2
to give a 7-lactonic acid. This was presumed to proceed through an a-diketone,
followed by cleavage to a diacid, which could then form a lactone ring with the free
hydroxyl. The important point was that there was no loss of carbon atoms in the
formation of the lactonic acid (15)-

Bromination experiments on the ketone XIV showed incorporation of between two
and three bromine atoms per molecule of XIV (ll). Deuterium exchange on the monofur-
furylidene derivative XV with D2O and K2CO3 resulted in k2$> of one atom of deuterium
being taken up per mole of ketone. This low result was presumably due to the necessity
of avoiding strong bases because of the instability of XV in them (l, 13) • These
results were consistent with a grouping XVI for the ketone XIV. And since the oxida-
tion proceeded without rearrangement, Alcohol-I contained the grouping XVII.

CH; -CH-

V
XVI XVII

The slightly high ketone absorption of 1724 cm. x for XIV suggested an adjacent electron
withdrawing group (15)- Further, Landquist suggested intramolecular hydrogen bonding
in Alcohol-I from the infrared hydroxyl region (10). Tarbell found that the action
of strong bases did not cause methoxyl or hydroxyl elimination, which is typical for
ketones substituted in the p-position with a hydroxyl or methoxyl (l6). These results
supported the grouping XVIII in XIV and the corresponding secondary hydroxyl in

Alcohol-I.

-CII2-C-CH- XVIII

OCH3

However, the position of the methoxyl a-to the carbonyl group was in doubt for
some time until the deuterium exchange experiment was done, since 2-methoxycyclo-
hexanone loses the methoxyl group when treated vigorously with dilute acid, which
is not true for XIV (15)' This anomaly must have been caused by the sterically
hindered position of the methoxyl in XIV.

ETHER RINGS - CHEMICAL METHODS
Early work on Alcohol-I revealed the presence of two ether rings by the previously

mentioned hydrogenation of Alcohol-I and the following chemical tests for epoxides
and ether rings. Both III and VIII were hydrogenolyzed with LiAlH4 or NaBRi under
mild conditions to give XIX and IX, respectively, in which a new tertiary hydroxyl was
present (ll). More vigorous conditions with LIAIH4 only, on either VIII or IX gave
the hexahydroalcohol X (ll).

Treatment of the tetrahydroalcohol X, with HC1 gave material containing carbonyl
groups and also material in which chlorine had been incorporated into the molecule.
These carbonyl compounds could have arisen from acid catalyzed rearrangement of the
unreactive epoxide, and formation of a chlorohydrin would explain the chlorine
incorporation ( 12)

.
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On treatment of Alcohol-I with cold HC1, Landquist obtained a chlorohydrin which had
two active hydrogens. By the reaction of sodium thiosulfate with Alcohol-I, one
equivalent of hydroxide was released for each mole of III (10). Landquist' s results
were consistent with the opening of one epoxide ring, which was no doubt the spiro-
epoxide present in Alcohol-I. Other epoxide tests by Tarbell: ethereal IIC1, periodate-
perchloric acid, and again the thiosulfate test, were positive for Alcohol-I and
negative for X (11). These results indicated the presence of two ether rings in III, one a

reactive epoxide, and the other a highly substituted epoxide or trimethylene
oxide, since LiAULt does not hydrogenolyze larger rings. It also does not hydrogen-
olyze some highly substituted trimethylene oxides (17) or epoxides (l8).

ETHER RINGS - PHYSICAL METHODS
Fumagillin is an excellent example of the difficulty of determining highly sub-

stituted epoxides by ordinary classical methods and even infrared spectra. Several
regions of the infrared have been proposed for determining epoxides. Bands around
900 cm. 1

, and 1250 cm. 1 have been used with some success for determination of
epoxides (19) , as well as the 299O-305O cm." 1 region of the C-H stretch (20). Since
the lower frequency regions are especially prone to be common to many groups, it is

impossible to make definite assignments on moderately complex molecules from them
without other proof. The 2990-3050 cm. x region can be a valuable supplementary tool
for determining the presence of epoxides, although in steroids epoxides are not
detectable (20), and again, in general, the epoxide assignment requires other evidence.

In Alcohol-I, a band at 3026 cm. x was assigned to both epoxide and vinyl hydrogen
absorption, while in VIII, where the double bond is reduced, a strong peak at 3OI0
cm. x indicated the presence of at least one epoxide hydrogen (l). In attempting to
differentiate between an epoxide and trimethylene oxide (both necessarily highly sub-

stituted) , the C-0 stretching frequency around 900 cm. l was used with only moderate
success. A band at 970-980 cm. 1 is typical for trimethylene oxides (19)> while a
fused trimethylene oxide XX prepared by Tarbell had a strong broad band at 950-

970 cm.
-1

(1).

XX

In comparison, the tetrahydroalcohol VIII had a broad band at 950-970 cm. 1 and
the bisdesoxy compound XXIX had a weak band at 935 _955 cm. x (l). Thus, only in
intensities were the bands at all suggestive of the correct epoxide structure.

The use of n. m. r. for epoxides is mdoubtedly the most valuable tool available
for determining ether ring structures } and in the case of fumagillin, allowed assign-
ment of the unreactive ether present in Alcohol-I and IX to a tri- substituted epoxide.
Protons on epoxide rings have been reported at t 7-3^-7-71 (21) and t 7-05-7-20 (22),
while the protons of some substituted trimethylene oxides are reported as appearing
at t 5. 5 (23) and t 5-64 (24). The -CHO-tertiary proton in XXI appears as a multiplet
at t 6.10 (l). In comparison, the a-protons in tetrahydrofuran appear at t 6.37 (21).

By tabulation of the n. m. r. spectra of Alcohol-I and derivatives, the presence
of three epoxide protons was shown in Alcohol-I (doublet centered at t 7- 65) and
derivatives where both epoxides remain and the double bond has been reduced. In com-
pounds where the reactive epoxide was absent and only the second ether ring remained,
a single epoxide proton was observed at t 7-20-7-65 (l).

CH3 OH CH3 ?H2 CH CH3 CH3

C-CH3 XXIII
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THE EPOXIDE RELATIONSHIPS
Tlie use of n.m. r. for location of the epoxide ring was necessary, but by itself

ambiguous. Treating XXI with thionyl chloride -pyridine gave a mixture of two unsatura-
ted compounds, XXII and XXIII. The terminal methylene compound XXII, the minor product,
gave CH2 on ozonolysis and had terminal methylene absorption at 1640 and 895 cm. 1

.

The major product, XXIII, had a band at 813 cm. 1 assigned to a tri substituted doubJe
bond. On treatment with 0s04 followed by LiAlELi, a triol, XXIV was obtained. XXIV
gave isocaproaldehyde on periodate treatment (25). As previously stated, Alcohol I

had a doublet centered at t 1. 65 assigned to the three epoxide protons. In tetrahydro-
alcohol IX, this doublet is absent and a new CH3-C-O peak is present. The anhydro
compound XXIII has a three proton peak at 1 8. 30, assigned to an allyl methyl group.

From this and previous information, the side chain in IX was considered to be XXV in

X and as XXVI in III (25).

CUs OH CH

XXIV

'H3

jj—CH2CH2CH2CH( CH3 ) 2

OH
XXV

CH-

-CH2CH2CH=C(CH3) 2

XXVI

By comparison of XXVII (incorrect) with III, it can be seen that the experimental
results are compatible with either assignment, although III more easily explains the
previously discussed formation of ethyl isoamyl ketone and the C6 carbonyl compound.
The correct relationship of the epoxides was obtained when it was discovered that
periodate cleavage of either XXII or XXIII, where the reactive epoxide is absent,
occurred without previous treatment with OSO4, to give isocaproaldehyde. This result
was explained as a hydration of the unreactive epoxide, followed by periodate cleavage
of the glycol (1).

CH2CH2CH=C(CH3 ) 2

XXVII)CH3
)H (incorrect)

Hi

)H

OCH-

XXVIII XXIX

Confirming this assignment was the isomerization product, XXVIII, obtained from

the bisdesoxy compound, XXIX, with dilute acid treatment. XXVIII had a terminal

methylene group and when oxidized gave an CC,p -unsaturated ketone, XXX, which had the

expected properties. The n.m. r. of XXIX had three unsplit methyl protons at x 8. 90,

assigned to the grouping XXXI. These methyl protons were replaced in XXVIII by two

vinyl protons. Tims, the opening of the unreactive epoxide was shown to involve

formation of the grouping XXXII (11).

CH3 CH;

OCH-

>4
CH-

tf

XXX XXXI

Comparison of the n.m. r. spectra showed that there are two unsplit CH3-C-0
groups in IX, but only one CH3-C-0 group in X. However, in X there are nine protons
in four peaks in the methyl saturated hydrocarbon region, six of which were assigned

to a gem dimethyl group and three of which were assigned to a new CH3CH grouping
present in X (l)

.





-icA-

It should "be noted that the L1AIH4 ring opening of the side chain epoxide to
give a secondary alcohol instead of a tertiary alcohol is unusual. Further, attempted
hydrogenclysis with LiAlILj. of the descxy compound, XXXIII. did not succeed. This
observation and the unexpected secondary alcohol formation were explained on the
basis of an internal hydride ion transfer from a complex with the tertiary hydroxyl
in IX (1).

CH3 H

>H '
~~° OH XXXIII

In support of the above mechanism, Tarbell has noted the opening of drimenol a-oxide (26)

CH2OH CH2OH

LiAlIU _^

boiling
THF

CONFIRMATION OF THE ASSIGNMENTS
ConfiiTnation was obtained for the relationship of the side chain epoxide and

nucleus methoxyl and secondary hydroxyl by conversion of various derivatives of IX

into perhydrobenzofurans. Treatment of the triol X with tosyl chloride -pyridine gave

XXXIV, with loss of the methoxyl group, presumably via a methoxonium ion (27). By
using the tetrahydropyranyl ether of the secondary hydroxyl of X, and subsequent
treatment with tosyl chloride and then acid to give XXXV, the possibility of parti-

cipation by the ring secondary hydroxyl was excluded. On tosyl chloride -pyridine

treatment of the desoxy compound XXXVI, the perhydrobenzofuran tosylate XXXVII was

obtained. The reduction of XXXVII with LiAULi gave the perhydrobenzofuran XXXVIII.

Thus, the tertiary hydroxyl in X was not necessary for formation of the perhydro-
benzofuran. Selenium dehydrogenation of XXXVIII gave two products, the benzofuran
XXXIX, and the hydrocarbon XL. The structures of these two compounds were established

by their physical properties and synthesis (l).

The configuration of the tetrahydroalcohol IX has been determined by x-ray
crystallography to be II (2).

CH3 OH cil CH3 OH CH3 Ho CH<

XXXVII XXXVIII

CH2CH2CH( CH3)

XXXIX
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HI3

CH

CHaCH2CHaCH( CH3) 2

XL
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CARBON SUBOXIDE

Reported by R. L. Stambaugh December 7 , 19&1

Carbon suboxide was first prepared in 1906 by Diels and Wolf (1) by dehydrating
the diethyl ester of malonic acid with phosphorus pentoxide. Carbon suboxide is a
colorless , lachrymatory gas at normal conditions, melting at about -110°C. and boiling
at 7°C./76l 21m Hg. Its density at 0°C, is 1.11 g./ml. (2).

Since its discovery the chemistry of carbon suboxide has been studied by several
groups. Early studies of the chemistry have been reviewed (2)< Because of the

frequent occurrence of products which are difficult to isolate and characterize, early
reports are plagued by ambiguities. More extensive work recently shows some promise of
clarifying the chemistry, although much more work is needed.

The strange structure of carbon suboxide has been the center of extensive research
by physical chemists. Widespread argument about the structure has been the general
rule and even today there may still be slight doubt in assigning the structure.

This paper will review the structure assignment and recent work in the chemistry
of carbon suboxide.

THE STRUCTURE OF CARBON SUBOXIDE
When Diels and Wolf first discovered carbon suboxide, they for no apparent reason

assigned it the structure 0=C=C=C=0, I. Perhaps this was a little too obvious for

later in the same year Michael (3) proposed structure II on the feeble basis that
similar reactions, for example, the dehydration of acetonyl acetone to give 2,5-
dimethylfuran, proceeded with the formation of cyclic derivatives where the possibility
of a ring existed. The exchange of several further papers yielded no data of signifi-

cance toward the settlement of structure assignment.

__ A few years later, H. S. Redgrove (k) predicted on the basis of funda-
mental constants that structure I should have a heat of combustion of

C— 2^-3- 6 kcal. while II should be greater than 28l. 6 kcal. , the uncertainty in

T
the latter arising because these constants made no allowance for the ex-
pected ring strain in a structure such as II. These fundamental constants
were an ingenious system of combinations of bond energies and depended on

the today widely applied concept of the constancy of bond energies. Unfortunately,
however, this suggestion was of no practical value in that a value of the heat of
combustion was never published.

The earliest electron diffraction study of carbon suboxide was that of Pauling and
Brockway (5) in 1933* The diffraction pattern was consistent with the linear structure
I. The bond lengths C-0 1. 20+0. 02 A and C-C 1. 30+0. 02 A were assigned. Since these
bond lengths were intermediate between double and triple bonds Pauling and Brockway

O^r—r—-f—O suggested that structure III could best show the full nature of the
carbon suboxide structure.

Ill By this time Michael's structure, II, was considered unlikely
by most workers. One further experiment eliminated it entirely.

Engler and Kohlrausch measured the Raman spectrum of carbon suboxide and found that it

had a center of symmetry (6). However, they observed five lines whereas the linear
symmetrical structure I, belonging to symmetry group Dqq, , should show only three Raman
active fundamentals. However, they assigned carbon suboxide to symmetry group "Dooh ^n
the belief that the two extra lines could be explained as a linear combination of other
fundamentals, but they did not assign such linear combinations. They went on to calcu-
late the force constants for the bonds and predicted the fundamentals in the infrared
spectrum.

Thompson and Healy (7) measured the ultraviolet spectrum and Lord and Wright (8)

the infrared spectrum Of carbon suboxide. The infrared and the vibrational structure
of the ultraviolet were both consistent with the force constants of Engler and Kohlrausch.
Again, the infrared was consistent with a linear structure although slight deviations
from linearity could not be ruled out conclusively. Some workers, including Herzberg

(9) , felt that the Raman spectrum could not be explained by a perfectly linear structure
in that the two extra bands could not be combinations of fundamentals arising from the

Dooh structure. Hence, he assigned carbon suboxide to symmetry group C^y, giving it
the slightly bent structure IV. Such an assignment is also consistent with the observed
dipole moment of 0. 7 Debyes (10).
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Mackle and Sutton (ll), after measuring the electron
^^.C**^- diffraction pattern of carbon suboxide, concluded that appreciable

y^ \^ deviation from linearity was unlikely and suggested that both
the measurable dipole moment and the two weaker "anomalous" lines
in the Raman spectrum of Engler and Kohlrausch resulted from
ketene impurities.

Long, Murfin, and Williams (12) measured again both the
Raman and infrared spectra of carbon suboxide. By the use of the mass spectrometer
they established that their sample was at least 92^ pure. For the Raman spectrum, they
found the results shown in Table 1. In spite of reproducing Engler and Kohlrausch 1 s

Table 1

Raman Spectrum of Carbon Suboxide

E. and K. Long et al

586 cm.
-1

(s) 578 cm.
_1

(m)

843 (s) 832 (s)

1114 (w) 1080 (w)

1176 (w) 1158 (w)

2200 (s) 2200 (s)

five line spectrum, these workers concluded that carbon suboxide was indeed linear and

that the two weak lines could be explained as a combination of other fundamental frequen-
cies, which they assigned. Further, they measured 30 lines in the infrared and assigned
vibrations to these. They also predicted a band in the far infrared at 198 cm. 1

, which,
about the same time, O'Loane observed (13). The force constants assigned were kCo 15-5
dynes/ cm. and kcc 12. 15 dynes/ cm. Table 2

Bond Lengths in Carbon Suboxide

measured (A) calculated
C-0 1. 16+0. 015
c-c 1.28+0. 01

5

long C-C 2.56 2.56
intermediate C-0 2.44 2.44

long C-0 3-70 3.72
0-0 4.82 4.88

The most accurate electron diffraction data now available, those from Livingstone
and Rao (l4) , are tabulated in Table 2.

These again support a linear structure but do not eliminate the possibility of slight
deviations from linearity.

The nature of the electron distribution in carbon suboxide is still of considerable
interest. Table 3 presents a summary of compounds containing carbon-carbon and carbon-

Table 3
Bond Lengths and Force Cone;tants for Multiple C-C and C-0 Bonds

Compound rcc rco

1. 225

A

kcc kco

Formaldehyde - - 12. 3 dynes/ cm.

Carbon Dioxide - 1.162 - 15.5
Ketene 1. 310X 1.16 9-8 15.5
Carbon Suboxide 1.28 1.16 (12. 15

112. 75

15. 05}

15.5 J

Carbon Monoxide - 1.128 - 18.9
Allene 1.309 - 9.80 -

Ethylene 1-353 - 9.36 -

Acetylene 1.199 - 15.67 -

oxygen bonds (15). From these data it may be seen that the carbon-carbon and carbon-
oxygen bonds of carbon suboxide both lie between the values for double and triple bonds.
It was just such an observation that led Pauling and Brockway to their postulation of
the structure III.

Further theoretical work on this subject has been carried out by Siebert (l6).

Using the usual methods of spectral analysis, Siebert calculated the force constants
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1; 15-05 and kcc 12.75 dynes/cm. and from these, using equation (l), he obtained bond

N = 0. 69
;
1I

ho
+ 0.37 (1)

IT = bond order
:jt E force constant of bond

Z
n

= 7-2C ZxZy/nx
3nY

3

= atomic number of atom X or Y
= principle quantum number of valence electrons in X or Y

orders of 2.5K and 2.29 for the C-C and C-0 bonds, respectively.

of such a definition of bond order is shown in Table h. Because
mediate between double and triple bonds, Siebert feels that
carbon suboxide should be represented by resonance structures

A test of the validity
the bonds are inter-

Table k

Bond Orderr I, V, and VI.

Compound IT

H2C=0 1.99
CH3C=N 2.93
CH2=CH2 1.97
HC^CH -5. Ok

s=c=s 1.99
o=c=o 2-35
c=o 2.77

assumptions the re should
cipation, only ten kinds

sirigle: sp3

double: sp2

OEC-CEC-0
9

0-C=C-CE0

V

VI

M. G. Brown (17) has made an attempt to correlate all
bond lengths with hybridization, thus permitting one to ignore
resonance structures such as V and VI. He makes the hypothesis
that bond length is a primary empirical quantity and hybridi-
zation a primary theoretical one. On the basis of such

be, assuming only extremes of sp hydridization and no d parti

-

of bonds.

sp3 , sp3-sp2 , sp3-sp, sp2-sp2 , sp2-sp, sp-sp

•sp
2

, sp -sp, sp-sp

triple: sp-sp.

Then choosing

Figure 1.

standard compounds, Brown constructed a graph of the covalent radius of
carbon vs. the hybridization of the carbon.

The graph shown in Figure 1 is for carbon-carbon
Covalent Radius of

Carbon

0.8

03

I
0.7

0.6

sp sp*

Hybridization

sp^

single bonds, but a similar one may be constructed
for carbon-carbon double bonds. The accuracy of
such a treatment is shown in Table 5«

On the basis of such a presentation, the
bonds of carbon suboxide need no longer be con-

sidered fractional order but are simply normal
carbon( sp) -carbon( sp) and carbon( sp) -oxygen( sp

2
)

double bonds.
Dewar has considered a similar approach to

bond lengths and bond energies (l8). He reached
a conclusion similar to that of Brown with the
qualification that resonance is important in
molecules which may be represented by more than
one unexcited resonance structure. In the case
of carbon suboxide, then, resonance would not be
a contributing factor.

PREPARATION OF CARBON SUBOXIDE
As mentioned before, carbon suboxide was first prepared by Diels and Wolf (l) by

dehydrating the diethyl ester of malonic acid. Because the yields were poor, further
work has been carried out in an effort to find a better method. Diels and Meyerheim
(19) extended the reaction to the methyl, phenyl, and benzyl esters, to malonic acid
itself, ethyl oxaloacetate , and tricarboethoxymethane, but still could not get yields
above 12$.





Single

Table 5

Hybridization and Bond Lengt lis

Compound Hybrid. rcalc^ -^obs. n
CH3CHaBr sp3-sp3 1. 544A

3

1. 5479A
CH3CHO sp3-sp2 I.505 1. 5005
CH3-C=CB sp3-sp 1.459 i.46o
CycldJoctatetraene sp2-sp2 1.466 1.462
CH3C=C-CH=CH2 sp2-sp 1.420 1.42
CH=C-C=CH sp-sp 1-374 1.375

Cyclfloctatetraene 2 2sp -spc 1-335 1.334
CH2=C=CH2 sp2-sp 1.311 1.309
CH2=C=0 1.310
o=c=c=c=o sp-sp 1.285 1.28

Double

The most useful synthesis is that of Ott (20) as modified by Kurd and Pilgrim (21).
This involves simply the pyrolysis of diacetyl tartaric anhydride. As early at 19l4
Ott considered a mechanism for this reaction (20a). He observed that in trying to form
the anhydride of acetylene dicarboxylic acid, VII, from acetylene dicarboxylic acid in
acetic anhydride, not the hoped for anhydride but instead acetoxy maleic anhydride, VIII,
resulted. Ott reasoned that the desired VII may be an intermediate. Further recognizing
that the acetoxy maleic anhydride could be used to generate carbon suboxide, Ott
studied the pyrolysis of VIII as well as diacetyl tartaric anhydride, IX, and diacetoxy
maleic anhydride. X. From each compound Ott isolated resulting acetic acid and carbon
suboxide. The results of these studies are summarized in Table 6.

Table 6
Pyrolytic Studies Leading to Carbon Suboxide

Compound Temp. Acetic Acid Carbon Suboxide
(as anilide)

87. o^ 30.$
72. 9fo 27. h%

Reasoning that both VIII and IX could eliminate one and two moles of acetic acid,
respectively, upon pyrolysis to yield VII while X could not, Ott postulated the following
reaction sequence:

IX ?

III 140-150°
X 180-200°

-» o=c=c=c=o

VII II 1

Ott offered no basis for including Michael's formula, II, in the reaction sequence.
Ott postulated that X could eliminate one molecule of acetic acid and one molecule

of ketene to form the intermediate XI, which could then cleave to carbon dioxide and
carbon suboxide. Ketene was isolated as the anilide in jfo yield. No analogy was
suggested for the formation of XI.

)j
No mechanistic investigations were done until Dashkevich repeated

/£ many of the previous preparations of carbon suboxide (22). Although
Dashkevich was not specifically studying the mechanism of formation of

^ carbon suboxide, but rather a means of preparing C14 labeled carbon sub-

^j oxide, his labeling results were certainly of interest to the mechanism.
He found that diacetyl tartaric anhydride labeled in the acetyl group

yielded no labeled carbon suboxide. Although this is certainly consistent with Ott's
mechanism, it would be of much more interest to label the ring. This was done with 4-C14 -

oxaloacetic acid with an activity of 65 mC/mole, The resulting carbon suboxide had an
activity of only 36 mC/mole. Dashkevich considered this to be one -half of the activity
of the starting compound so that there must be some kind of a symmetrical intermediate in
which the 1 and 4 carbons become equivalent. Oxaloacetic acid could easily eliminate two
molecules of water to form the same acetylenic intermediate VII which Ott postulated for
the pyrolysis of IX.

Nothing further can be said about the mechanism of formation of carbon suboxide.
However, there does seem to be sufficient evidence for Ott's intermediate that further
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investigations would be of interest.

THE REACTIONS OF CARBON SUBOXIDE
Two reactions of carbon suboxide which, have been studied widely are the reactions

with alcohols or amines to yield the corresponding malonyl diesters or diamides. Analo-
gous reactions are well known for ketene.

Pauw studied the reactions of carbon suboxide with amines quite extensively (23).

He found that, as would be expected, the reaction was quite general for a wide variety
of amines. Of particular interest, Pauw found that the diamines, cadaverine, N,N'-
dibenzylethylenediamine, and N-benzylethylenediamine, formed the corresponding ^seven

and ^elTmembered ring diamides in 7j/o, 6ctfo, and 37- *$ yields, respectively.

The reaction of carbon suboxide with water provides a particularly useful method of

introducing deuterium into organic molecules. The reaction with deuterium oxide pro-
duces, of course, the completely deuterated malonic acid, while pyrolysis of the latter
gives almost quantitative yields of deuterated acetic acid (2k).

Hagelloch and Feess (25) have made a study largely centered around the reactions of
carbon suboxide with hydroxyl groups, both alkyl and aryl. In the hope of making
cyclic esters analogous to Pauw's amides, these workers reacted carbon suboxide with 1,^-
butanediol but could isolate only linear polyester.

In the reaction of carbon suboxide with ethanolamine Hagelloch and Feess found that
only diamide was formed. On the basis of this and other observations, they established
the following order of reactivity: -NH^>RCH2OH> r<^0H>R2CH0H and H20>-SH>R3COH,

Carbon suboxide, like ketene, does not form the usual carbonyl derivatives but
rather acid derivatives as above. For example carbon suboxide reacts with phenyl

-

hydrazine to yield malonyl diphenylhydrazide (26) and with hydroxylamine to yield N,I\P-

diphenylmalonhydroxamic acid (21).

Ketene is known to undergo a Friedel-Crafts reaction with benzene to yield aceto-
phenone (27). Billman and co-workers examined the Friedel-Crafts behavior of carbon
suboxide (28) expecting to get the symmetrical (3-diketone. However, they found again
that acetophenone was formed. It was assumed that only one mole of carbon suboxide
added to benzene and that the resulting benzoylacetic acid decarboxylated in the workup.

Dashkevich and Izrailev (29) examined the Friedel-Crafts reactions of carbon sub-
oxide in more detail. They also found that the unsymmetrical methyl ketone is the pro-
duct, preparing the corresponding ketones from benzene (37^>) > toluene {h^fo) , ethyl-
benzene (52$) > and naphthalene (32$) •

Ketene is known to react with Grignard reagents to form methyl ketones. One

would therefore expect to form the symmetrical {3-diketone from carbon suboxide. The

first attempt to carry out such a reaction was by Meyerson and Kobe (30). They allowed
carbon suboxide to react with phenyl Grignard and isolated a white solid which they
could not identify. Billman and Smith (31) later allowed "excess" methyl magnesium
iodide to react with carbon suboxide. This reaction was carried out by adding carbon
suboxide to an ether solution of the Grignard over a period of time in such a manner
that the temperature of the solution did not go above 7 C* Addition of the carbon sub-

oxide was stopped when the ether solution tested negative for the Grignard. In their
first paper (31) they reported that they could isolate only triacetophloroglucinol, Xlla,
in 2k$> yield. XII may be considered an aldol-type trimer of acyl ketene.

(b) ^cyclohexyl JQ $ *
:™|

(c) R=phenyl Tf
s
°'T>

XII XIII

Since this was their only product when "excess" Grignard was used, Billman and Smith

concluded that carbon suboxide would react with only one mole of Grignard reagent. It

should be pointed out that in this paper there is no report of having measured how much

carbon suboxide was actually consumed.

In a later paper (32) Billman and Smith reported increased yields of Xlla (up to

y$) as well as a new product, Xllla. Xllla may be considered an aldol-type dimer of

the acyl ketene.





-111-

In an effort to establish the generality of this reaction Billman and Smith then
reacted carbon suboxide with cyclohexyl magnesium bromide. Indeed they succeeded in
isolating Xllb. Finally, reasoning that lithium reagents should react in the same way
as Grignard reagents, they allowed carbon suboxide to react with methyl lithium. In
this case, however, they could not isolate any Xlla from the reaction mixture. In

both of the latter cases, as far as can be determined from the reports, Billman and Smith
looked only for the XII derivatives, making no attempt to isolate other possible products.

Cram and Zimmerman (33) repeated the work of Billman and Smith using phenyl magnesiurr

bromide. However, apparently unconvinced that only one mole would react, these workers
carried out the reaction at room temperature using both 1:1 and 1:2 ratios of carbon
suboxide: Grignard. The products isolated in the latter case are shown in Table 8.

Table 8

Products in the reaction of 1:2 carbon suboxide and phenyl magnesium bromide.

Product Yield (g.)
XIIc 2 , 4 , 6 -1rihydroxyme tsophenone 0.10
XHIb 3-benzoyl-6-phenyl-

2,4(3H)-dione
-1,2-pyran-

0.28
XIV P ,0 -diphenylhydracrylic acid 0.45
XV diphenyl 9.00
XVI Cl&Hi2®

2

0.20
XVII benzophenone 18.20
XVIII acetophenone O.58
IXX C3eH.2B^2 0.68
XX C15H10°2 0.48
XXI triphenylcarbinol 1.00
XXII Cl 6^18^4 1. oh

XXIII acetic acid 7

ielc\{%
0. 2

0. 5

0. 6

15. 9

27. 2

1. 3

1.6

All of the products which could not be identified gave negative tests with both
ferric chloride and 2,4-dinitrophenylhydrazine. The first two products are those that
would be expected on the basis of the work of Billman and Smith. In order to explain
the observed products, Cram and Zimmerman postulated the mechanisms shown in Figure 2
solely on the basis of the product study.

Figure 2

Reaction sequence of Carbon Suboxide with Phenyl Magnesium Bromide.

^Br
(^^/$-CEC-0°%;Br

0=C=C=C=0 +

CII-
CCH^-Ck.

bin

XVIII

K*0>

C-CH2COOH -^

OH

XIV

MgBr

2MgB:>

CH3COOH <^2 2MgBr®[ 9CiC-0
G

] + \
X̂VI

XXIII

COH
.11*0

XXI

MgBr
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Cram and Zimmerman suggest that Xllc and XHIb are formed by condensations similar
to those previously mentioned "by Billman and Smith. However, they suggest no sound
analogies.

Using a 1:1 ratio Cram found the yield of XIIc to be up to 10$ and XHIb to 3$.

They found only a trace of benzophenone. However, they also found a new product,
C27H18O3 in 5$ yield. The basis of giving a percent yield on this product is not men-
tioned .

Perhaps the most significant observation is the absence of the expected (3-diketones.

Recently, Dashkevich and Boksiner (34) studied this same Grignard reaction as well as
several others. Using methyl-, ethyl-, n-butyl-, phenyl-, and benzyl- Grignard reagents,
they successfully prepared symmetrical p-diketones. In comparing this work with the
earlier work of Billman and Smith with methyl Grignard, one finds that the significant
difference is that the entire reaction in this case was carried out at room temperature
while the latter performed the work at lower temperatures (<(7 C. ) . Differences in the
works of Dashkevich and Cram are that Cram used 2:1 Grignard: carbon suboxide while
Dashkevich used a large excess of Grignard, 13: 1> and that Cram's reaction ran for 18
hours while Dashkevich 1 s was stopped after 30 minutes.

Dashkevich and Kuvaev (35) found that carbocyclic Grignard reagents will add only
one mole to carbon suboxide to produce the corresponding unsymmetrical methyl ketones.
The reaction was demonstrated for cyclopentyl, cyclohexyl, menthyl, and bornyl Grignards.
The reaction mechanism was presumed to be the same as that postulated by Cram for the
production of acetophenone, XX.

Following the early fruitless lead of Billman and Smith, Dashkevich and Kuzmenkov
(36) sought to show that lithium reagents would follow the same pattern. Although the
aliphatic carbocycles were not studied, all other cases gave the same products as had
been found with the corresponding Grignard reagents.

Dashkevich used what appear to be in most cases rather strange ratios of Grignard
to carbon suboxide, even to the extent that the carbon suboxide was used in excess
in two cases. He offered no explanation for these variations.

A summary of all Dashkevich ! s organometallic work appears in Table 9«

Table 9
Dashkevich' s Organometallic Studies

Grignard Reagent moles RX moles C3O2 R:C 3 2 Yield of Ketone

methyl iodide Oo O563 0, 0302 1.86 I5
a

ethyl bromide
/

0. 0505 0. 0220 2.30 5<4
n-butyl chloride o« 0865 0. 0147 5.88 Pa
phenyl bromide 0.0955 0. 00735 13.O 65

a
benzyl chloride 0.0973 0. 00705 13.8 68f

cyclopentyl bromide 0. 0248 0. 00735 3.38 %
cyclohexyl bromide 0. 0208 0. 00735 2.83 %
menthyl chloride 0. 064l 0. 00735 8.72 6S
bornyl chloride o. 0231 0. 00735 3.l4 58

Lithium Reagent moles RLi moles C3O2 R: C3O2 Yield of Ketone

methyl lithium 0, 0864 0.0412 2.09 kA
ethyl lithium 0. 0528 0.0206 2.56 6o

a
- a

n-butyl lithium 0. 0^52 0. 0206 2.19 fa
phenyl lithium 0. 0381 0. 0213 1.79 60

a
benzyl lithium 0. 0501 0. 0235 2.13 20

a Symmet;ri cal (3-diketone

b Unsymmet rical Methyl ketone

PHOTODECOMPOSITION OF CARBON SUBOXIDE
Because of the diketene-like structure of carbon suboxide and the known decompo-

sition of ketene to methylene upon irradiation with ultraviolet light, carbon suboxide
should show interesting behavior in the presence of ultraviolet light. Thompson and
Healy (8) first examined this reaction. They found that both polymerization and some

decomposition resulted. However, they did not identify the decomposition product(s).
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Bayes (37) recently examined the photolysis of carbon suboxide in the presence of
ethylene. Using a partial pressure of carbon suboxide of 1 mm Hg and varying the total
pressure from 50 to 750 mm Hg by adding ethylene, he found that carbon monoxide and
allene were formed. He established a ratio of CO/allene of 2. 4+0. 3 by gas chromato-
graphy and observed that the ratio did not vary with time (even at less than 1$> decompo-
sition) and pressure. Even though it was not 2.0, the overall reaction then was
assumed to be:

0=C=C=C=0 + CH2=CH2
hV

> 2C0 + CH2=C=CH2

Bayes established that the -C=C=C- skeleton did not remain intact during the
reaction by showing that in the presence of propylene, carbon monoxide and methylallene
were formed exclusively.

Then arguing by analogy to ketene, Bayes postulated that carbon suboxide reacted
as shown below.

0=C=C: + CO

0=C=C: -^—» :C: + CO

C: + CH2=CH2 —-» £>:

t>
CH2—C—CH2

However, he could not eliminate the possibility that the first formed carbene reacted
directly with ethylene.

0=C=C" + CH2=CH2 —> £>=C=0

etc.

Bayes argued that the latter mechanism was less likely than the former because
the ketenes do not absorb strongly at the wave lengths used so that there should have
been a buildup to a steady state of the dimethyleneketene. As pointed out earlier, no
variation in CO/allene was observed.,

Bayes also observed that photolysis of carbon suboxide in the presence of methane
yielded ethylene while in the presence of cyclopropane both ethylene and acetylene
were formed. These remain to be explained after further investigation.
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MECHANISM OF PHOTOREDUCTION OF KETONES

Reported by D. Tracy December 11, 1961

The photoreduction of benzophenone was discovered in 19OO by Ciamician and Silver
(l, 2). The synthetic aspects of the reaction have been recently reviewed (3, k)

.

The mechanism proposed for the reaction involves initially an excitation of the
benzophenone to a triplet state followed by abstraction of a hydrogen atom from the
reductant. A possible mechanism which explains the photoreduction of benzophenone in
isopropyl alcohol is the following:

Fhotoexcitation Process

(C6H5)aC=0 + hv > (CsHs^O* (1)

Free Radical Processes

(C6H5)2C=0*+ (CH3)2CH0H > (C6H5 ) 2C-0H + (CH3) aC-OH (2)

(CH3)2C-0H + (0^5)20=0—» (C6H5 ) 2C-OH + (CH3) 2C=0 (3)

2(C6H5)2C-0H > (C6H5)aC(0H)C(QH)(CeH5)2 C*0

Since the irradiation is carried out with light of wavelength greater than 366OA and
since isopropyl alcohol is transparent above J)000k, the primary process must involve
excitation of the benzophenone to some excited state. Furthermore, its deactivation
must be slow relative to reaction 2. Mixed pinacols are not formed in the reaction.
Therefore reaction 3 must be fast relative to recombination reactions.

FREE RADICAL PROCESSES
Hydrocarbons, alcohols, and ethers act as hydrogen donors; benzhydrol methyl ether,

for example, gives rise to benzpinacol and the dimethylether of benzpinacol (7)« These
facts coupled with bond strength considerations [0-H 109 Kcal mole l

; C-H 98 Kcal mole 1

(8) ] indicate that the hydroxy hydrogen is not abstracted by the photo -activated
benzophenone.

The formation of (C6H5 ) 2COH was postulated because oxygen decreases the amount of
benzopinacol formed. Evidence for the (CH^^-OH radical was obtained by isolation of
its addition product to an olefin (5)- When the reaction is carried out with maleic
acid present, terebic acid (II) can be isolated (9)^ It is postulated that this could

occur from reactions 1 and 2 and the following:

(CH3)2C-0H +
HOsa COaH CH3 °

f H
V=c _» \C—C(COaH)c(

H
X
H / COaH

H3C. TT,

I + RH > ^C-CH(COaH)CH2 + R- > (CH3) 2-C- CH-COaH
H3C

OH k fl Cv^/CH

II

The evidence favoring reaction 3 can be divided into three parts. (a) In the ab-
sence of oxygen, benzopinacol is obtained in quantitative yield. The absence of pinacol,
mixed pinacol, and benzhydrol indicates that (CH3)aC-OH radicals react very fast but not
in disproportionation or recombination processes with diphenylhydroxymethyl radicals.
Furthermore the diphenylhydroxymethyl radical is more stable and should be formed in

a fast step (5). The (CH3) 2C-OH radical is also known to be strongly reductive in charac-

ter (10).
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(b) It was found that upon irradiation in optically active sec -butyl alcohol the rota-
tion of the alcohol did not change. This rules out a disproportionation since a planar
radical would lead to racemization of the remaining alcohol.

2CH3C(0H)CH2CH3 CH3C-CH2CH3 + CH3CH( OH) CH2CH3

(c) Franzen (11) has recently carried out a similar reaction using carbon-l4 labeling
to determine if a redox reaction occurs or if a simple dimerization of the two diphenyl-
hydroxymethyl radicals occurs.

(C6H5 )

14CHOH 12r

hv
(C6H5 ) 2-^C-OH

(C6H5)2
14C-0H

-> (CeHs) 12r> 14

(C6H5 ) 2
12C=0

(p-
X*

(p-( C6H5)2

OH OH

1
j,(C6H5 )

(CeHs)

(C6H5 ) 2
12C-OH + (C6H5 ) 2

14C=0
OH a

-(C6Hs) 2

H

4C-OH when there is an excess of benzophenone present is shown by the data in
The activity of the isolated benzopinacol is less than half that of the original

The fact that the reaction does not simply involve a dimerization of (CeHs) 2 C-OH and
(C6H5 ) 2
table 1

benzhydrol. Furthermore , using acetonitrile as solvent a stronger exchange takes place
than in benzene. In a polar solvent exchange is favored pointing toward a certain
amount of polarity in the transition state of the redox reaction.

H

R'

OH
II I

, c • c >

R R
R'

H

I.

R R

Table 1

Activity of Benzopinacol; Original Activity of Benzhydrol
12^1- Imp/min

Benzophenone •|-
2C=0

Benzhydrol l4CHOH Solvent
1 Benzene

5 Acetonitrile
10 Benzene
10 Acetonitrile

15 Acetonitrile

Benzopinacol
Imp/Min

639
504
\12
370
308

Reaction k is consistent with a quantum yield of unity, since each molecule of
benzopinacol formed corresponds to one photoactivated and one unphotoactivated molecule
of benzophenone. The production of benzopinacol is inhibited by oxygen. The yields
of benzopinacol, acetone, and peroxide at 366OA were determined in isopropyl alcohol
containing varying amounts of oxygen. The large variation in the ratios (see table 2)

benzopinacol/acetone and peroxide/acetone are very significant. They indicate that the
yields of benzopinacol and peroxide are highly dependent on the oxygen concentration
whereas the yield of acetone is virtually independent of the oxygen content. A
comparison of the yield of acetone produced in the completely degassed run (0. 73mg«/s«
isopropyl alcohol) with the yield of acetone in the run continuously saturated with
oxygen (0. l^raQ./g. isopropyl alcohol) substantiate this. Reaction k is consistant with
these data because oxidation of the diphenylhydroxymethyl radical could compete with
its dimerization (5).
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Table 2

Mechanism of Photocbtidation in the Presence of Benzophenone; Effect of Oxygen
on yields of Acetone, Peroxide (titrimetric) and Benzopinacol in Photolysis
at 3660X and 25° C of a 0. 5M solution of Benzophenone in Isopropyl Alcohol.

Moles Moles
Benzopinacol Peroxide

Treatment Acetone Benzopinacol Peroxide Moles Moles Q. Yield

of Soln„ Moles x 104 Moles x 104 Moles x 104 Acetone Acetone Benzophenone

Degassed 1.60 I.69 0.00 1.03 0.00 0.95

Degassed 3-20 3.16 n.d. 0.99 n.d. 0.91

Initially 2.14 O.98 0.030 0.^5 0.014 0.41

Sat. with Air 1.79 O.96 0.019 0.5^ 0.011 O.50

Continually 1.50 0,00 O.O83 0.00 O.O53 0.00

Sat. with 2 n.d. n.d. O.O83 0.00 n.d. 0.00
b-Based on a quantum yield of Acetone formation of 0„ 92 at 366OA
n.d. -not determined

PH0TOEXCITATI0N PROCESS
Benzophenone when irradiated with light of 366OA has never been known to fluoresce

(Ik) and is known to phosphoresce in solid solutions of E.P.A. (5 parts ether, 5 iso-
pentane, and 2 ethanol by volume) at 77°K. with a quantum yield near unity (15). These
data led to the suggestion that benzophenone when irradiated is excited to an excited
singlet state which subsequently undergoes quantitative intersystem crossing to a lower
lying triplet level, which then undergoes reaction (l4).

Bfickstrflm (12) applied the principle that activated benzophenone molecules can be
deactivated by other molecules which can be excited to triplet levels, provided their
triplet energy levels lie below that of benzophenone. This was found to be the case
with biacetyl, anisil and benzil. In solution, the same process of conversion of
excited singlet to triplet level may take place, but a quencher like biacetyl could
undergo energy exchange with the excited singlet faster than the singlet -triplet con-
version of the benzophenone ( See Figure l)

-

30

1o

\0

FIGURE 1

5
r-

6' 3- M- W v

Benzophenone Biacetyl
where:

S-Ground State expressed in wavenumbers
S' -First excited singlet
T-Lowest triplet
Solid arrows represent transitions involving radiation
A-Absorption of light of 366OA; F-Fluorescence P-Phosphor

-

escence; Dashed lines represent radiationless transitions

There remain two possible mechanisms: benzophenone either acts as a singlet or
as a triplet.

+ A, + D, or Dm + A, * *T
+ D,

S' S S ?
" ~S ~* ~T ' "S **T ' "S

where: D- represents the donor (benzophenone) j A- represents the acceptor (biacetyl)
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A qualitative solution is shown by the following spectra.

Zoo--

&»

JOO"

S3-X Soo

wavelength (m\x)

/o

~f

5*5 J>oo

wavelength (mu)

Fig. 2: Luminescence spectra of "biacetyl in benzene solution, showing relative

number of light quanta emitted vs wavelength in mp.. I-Unsensitized luminescence

Biacetyl 0. 222M observed value Jx) calculated value; II-Fluorescence (scale to right)

Biacetyl 0. 222M, pyrene k.h x 10 4M; III -Sensitized luminescence (scale to left)

Benzophenone 2. 6k x 10~%, biacetyl 7„ x 10
_3
M

Curve I represents the luminescent spectrum of pure acceptor (biacetyl) excited

at 366OA. This spectrum is due partly to fluorescence and partly to phosphorescence

(13). An investigation of the photolysis of biacetyl vapor showed a fast fluorescence
(400-500 mp.) followed by a slower phosphorescence (above 500 m\x) . The mean lifetime

of the phosphorescence was found to be 2 x 10 3 sec. while that of the fluorescence
was less than 8 x 10 6 sec. , the mean duration of the source (28). An investigation
of the lifetime of the phosphorescence of a dilute solution of biacetyl in benzene at

20°Co gave a value for the lifetime of 0. 98 x 10~ 3 sec. (12).

In curve II phosphorescence has been eliminated by the addition of pyrene which is

a strong phosphorescence quencher. Curve II shows two peaks coinciding with the
fluorescence spectrum of biacetyl,, A low concentration of biacetyl was irradiated in

the presence of benzophenone, giving rise to curve III, The spectrum shows the
phosphorescent bands but the fluorescent bands are absent. The conclusion, that benzo-
phenone when excited exists as a triplet, seems inescapable. The luminescent intensity
was much greater in the presence of benzophenone than that obtained when acceptor
alone was irradiated. The calculated curve was obtained by adding curves II and III
after multiplying by an appropriate factor, thereby reproducing curve I (1J5)-

Evidence for a ketyl radical was obtained by flash photolysis of benzophenone. A
transient absorption spectrum was observed when benzophenone was flashed in ethylene
glycol, isopropyl alcohol and benzene. The spectrum consisted of two bands, a strong
broad band at ~33>OOA and a weaker band at 5^50A. These bands are similar to the
phosphorescent bands of benzophenone in paraffin. The lifetime of phosphorescence in
rigid media is 0. 008 sec. When benzophenone is flashed in ethylene glycol the transient
spectrum is observed 0. 080 sec. after flashing ruling out phosphorescence of benzophenone
as a possibility. It was also noted that the spectrum was different in alkaline solu-
tion. This was believed to be due to the ketyl radical-ion (III).

m

(C6H5 ) 2C-0

III

(C6H5 ) 2C-0H

IV
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This assignment was verified "by preparation of the sodium ketyl and examination
of its absorption spectrum. The spectrum was identical to that obtained for benzo-
phenone in 50/50 isopropyl alcohol-water in alkaline medium. Benzophenone was then
flashed in 50/50 isopropyl alcohol water over a pH range from 1 to 13. A gradual
change in the spectrum from the transient observed in neutral and acid solution to
that of the ketyl radical -ion was observed in the intermediate pH range where both
spectra were superimposed. The transient spectrum observed in neutral and acid media
was assigned to the ketyl radical.

Benzophenone was flashed in benzene and the transient spectrum was observed. Naph-
thalene was added in several increments and as more naphthalene was added the spectrum
of the ketyl radical decreased steadily, finally disappearing. A new band due to the
absorption of the naphthalene triplet appeared as a result of energy transfer from
benzophenone. The naphthalene spectrum had to arise from the triplet state of benzo-
phenone because the excited singlet of naphthalene lies above that of benzophenone. If
the ketyl radical was produced by the excited singlet of benzophenone, it would not
have disappeared when naphthalene was added. If the assignment of the transient
spectrum to the ketyl radical (IV) is correct, then the ketyl radical must have originated
from the triplet state of benzophenone ( 6)

.

In order to obtain quantitative evidence for the intermediacy of a triplet state,
Hammond (l6) reduced benzophenone in the presence of benzhydrol. This reaction involves
only one type of radical, thus simplifying the reaction.

(C6H5 ) 2C=0* + (Cells) 2CHOH > 2(C6H5 ) 2C-0H (5)

2B* BHo BH<

A series of experiments were carried out with benzene as the solvent, in which
the benzophenone concentration was held constant and the benzhydrol concentration
varied (See Table 3).

TABLE 3

Photoreduction of 0. 1M Benzophenone by Benzhydrol in Benzene (\=3660A)

Benzhydrol % Conversion of
m/l. Benzophenone
1. 56.

1

0. 20 3^. 9
0. 070 20. 5

0. 050 18.

1

0. QhO 16. 6

0. 030 10. h

1.0 25.0
a) Acetonitrile solution ? Light in-

All solutions were degassed

The results indicate that as benzhydrol concentration is decreased the quantum
yield of benzophenone also decreases. This can best be explained by a first order
deactivation step (step 6).

aIa

2BH- kr(B*)(BH2) (5)

B + E kd (B*) (6)

If it is assumed that kr is rate determining then the following rate law can be derived;

F ~ a
+

akr(BH2)

{1)

where a=yield of chemically active state

Quantum Yield of -A( Benzophenone)
Benzophenone A( Benzopinacol)

0.97 0.93
O.78 1.00
0.52 1.11
0.4.5 O.96
0.4 0.99
0.29 1.16
0.61 --

sity 2. 58 x 1019 quanta min -1
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A plot of x- vs ===- for degassed solutions is shown in Figure 3, Curve I.

FIGURE 3

12*
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Fhotoreduction of 0. 1M Benzophenone by Benzhydrol in degassed Benzene
(C6H5) 2ODOH as reductant in degassed Benzene solution
Fhotoreduction in presence of 10 4M Fe(DPM) 3 in degassed Benzene'
Fhotoreduction in the presence of 10 ^ Oxygen

a) DPM = [(CH3) 3CC0CHC0C(CH3)3]

solution

a

An extremely good fit was obtained, with an intercept of one, which indicates
that the yield of the chemi cally active state is unity. The means that the ratio kj/kr
is equal to the slope of the line, namely, 0. 050 (Figure 3> Curve I). The fastest con-
ceivable rate for reaction 5 is that of diffusion control. This rate k^ff was calcu-
lated using a set of empirical equations and turned out to be 2 x 10"

This gives an upper limit for k^ since k^/kr = 0. 05.

1 mole sec.

k r ^ 2 x 1091 mole" 1 sec.
9

L/l.OxlO8 sec.

If reaction 5 is diffusion controlled an isotope effect would not be expected.
However, when deuteriobenzhydrol was used as a reductant an isotope effect was observed.

This is shown by Curve II, Figure 3 whose slope is 0.133 resulting in kr(H)/kr (D) =

2, 7« This type of isotope effect is difficult to interpret but it indicates that
reaction does not occur on every encounter. This leads Hammond to estimate that kr (H)
is at least 5 times smaller than the diffusion controlled rate.

In order to prove that the chemically active state of benzophenone is not an
excited singlet, it is necessary to show that the rate of reaction expected for the
excited singlet i: faster than the rate of reaction oJ

kfl(S') > kd (B*)

B'

This amounts to calculating the expected rate of fluorescence if there were no
competing deactivation reactions. This was calculated from the integrated intensity
of the 0-0 band at 3T50A which led to a mean lifetime value of the excited state of
2 x 10 7 sec' However, fluoresence is possible when quantum yields are 0.01 or
less, meaning the mean lifetime is 2 x 10 9 sec. are less (17). Kasha (19) has exti-
mated that 99- 9^ °f the excited singlets of benzophenone are converted to the triplet
state in rigid media. This gives a value of 2 x 10 10 sec. as the minimum lifetime
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of the excited singlet state and the expected rate constant of deactivation of l

) x

109 sec.
_1

or greater. Thus it can safely be concluded that the rate of decay of the

excited singlet is much faster than the value of k^ found for B^
Before it can be said conclusively that a triplet state of benzophenone is an

intermediate in the reaction, the possibility that a complex may have formed between

benzhydrol and benzophenone which could give rise to these results must be considered.

This was ruled out by two observations. A study of solutions of benzophenone and

benzhydrol in benzene showed only a small amount of association and upon irradiating

solutions of benzophenone and benzhydrol in acetonitrile and t-butyl alcohol, quantum

yields were obtained as high as those obtained in benzene solution (See Table 3).

Quenching has been observed when paramagnetic substances such as oxygen and

ferric dipivaloylmethide [Fe(DPM) 3 ] are present.

3'* + Q
kiQ

[Q] = concentration of quencher

These data are also shown in Figure 3 (Curves III and IV).

can be derived by applying steady state conditions to B*:

1 i +
a

*a + 3cQ[Q]
akr [BH2 ]

The following rate law

(8)

If a = 1 then a combination of equations 7 and 8 yields;

ka[Qj ^d + kQ[Q] kd

fc k,^r Xir ^r

Using the data from the plot of <jj-
vs tt—- in the presence of oxygen and Fe(DPM) 3 , kn/kr

can be evaluated. In the case of 2 oxygen the ratio kn/kr = 2J0, while the
ratio in the Fe(DPM) 3 case is hOO. Although neither figure is very precise, they are
both of the same order of magnitude. Hammond (17) feels that quenching by oxygen and
Fe(DPM) 3 is diffusion controlled or close to it. This is not without analogy since
Backstrom (25) found that the rate of quenching of biacetyl triplets by oxygen was
5 x 1091. mole. 1 sec. 1

. If 2 x 10 1. mole. x sec. x is assumed for the rate constant
for diffusion control, the other rate constants can be calculated (See Table h)

.

TABLE 4

Approximate values of rate constants in the reaction of
Benzophenone with Benzhydrol

Constant
kq for ferric dipivaloyl methide
Kq for Oxygen

£ (H)

2 x
1 x

Value
109 1 mole'

109 1 mole'

sec

sec

kr (D)
5 x 10° 1 mole A sec
1.8 x 106 1 mole" 1

2. 6 x 105 sec" 1

•1

"1

1

sec

Consequently the value of kr is a lot less than that estimated for diffusion control.
This conclusion is logical since small amounts of quenchers compete favorably with
benzhydrol. The quencher reaction can not be faster than diffusion controlled, the
hydrogen transfer must be slower (17)- BSckstrfim (13) estimates the average lifetime
of the triplet as 1. 9 x 10 ° sec. for benzophenone in benzene solution at 20°. Thi:

was calculated, assuming the benzophenone -biacetyl energy exchange, is diffusion con-
trolled, from measurements of the intensity of sensitized biacetyl phosphorescence as
a function of the concentration of biacetyl.

These data should not convey the idea that all reductions of ketones proceed via
triplet intermediates because it has been found that upon irradiation of duroquinone
by flash photolysis in the presence of various hydrocarbons, no evidence for the
existence of triplet intermediates could be found. Both kinetic and spectral obser-
vations failed to provide any evidence for the formation of the semiquinone radical
from a triplet state ( 23)

•
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Having established the existence of triplet intermediates, it may be interesting to
consider the applications to organic chemistry. First of all, they provide a way of
effecting chemical reactions, and a way of limiting the possible mechanisms of some de-
composition reactions. Upon irradiating ethyl pyruvate the following reaction occurs:

CHaCOCOaCaHs
hV

-> 2CH3CHO + CO

Since excited benzophenone has been known to exist quantitatively as a triplet, the
reaction was carried out using benzophenone as a photo-sensitizer. Appropriate filters
were used to insure that less than ^fo of the light was absorbed by ethyl pyruvate. Table

5 shows the results obtained when the reaction is carried out, in the presence of sensi-
tizer (benzophenone) , in the absence of sensitizer, and in the presence of both benzhydrol
and sensitizer. A comparison of runs 1 and 3 indicates an increased quantum yield for
disappearance of ethyl pyruvate. This implies that the unsensitized reaction involves
a triplet intermediate. The data also indicate a greater efficiency for an intermolecular
energy transfer as opposed to hydrogen transfer. This is shown by the effect of benz-
hydrol on the reaction. The quantum yield for disappearance of benzophenone (Compare
runs 5 and 6) becomes very small when ethyl pyruvate is added to the benzophenone -benz-
hydrol reaction (20). TABLE 5

Direct and sensitized photolysis of ethyl pyruvate in benzene

Run
Ethyl pyruvate

mole 1 1

1

2

3
k

0.050
0.050
0.050
0.010

5 0.050
6 none

Benzophenone
mole 1 1

none
none
C. 100
0.050
0.100
0.100

Benzhydrol
mole 1 1

none
none
none
0.050
0.050
0.050

$ ketone

0.11
0.00
0.80

tester

0.17
0. 14
O.32
0.27
0.31

tester- quantum yield for disappearance of ethyl pyruvate
^ketone- quantum yield for disappearance of benzophenone

The photoaddition of maleic anhydride to benzene has recently been discovered.

/°
hV

^
The reaction was carried out, under similar conditions, both in the presence and in the
absence of benzophenone. In the presence of benzophenone the yield was increased five-
fold, suggesting the value of benzophenone as a sensitizer (21). However, it was not
reported whether most of the starting materials were recovered in the unsensitized case,
leaving the possibility that benzophenone may have acted as a quencher for side reactions.

Sensitized reactions can also be used to estimate triplet state energies. The cis -

trans isomerization of piperylene(l,3-pentadiene) can be effected by a number of carbonyl
compounds. Hammond has studied the effect of a series of carbonyl compounds (See Table 6)

on the cis/trans ratio of piperylene to get an idea of the energy of its triplet state
relative to the cis and trans isomer.

~~ TABLE 6

Sensitized cis -trans isomerization of piperylene

Carbonyl
Compound

Acetophenone
Benzophenone
Benzil

P -Acetonaphthone
a-Naphthaldehyde
Dibenzalacetone

trans/cis ratio at
stationary state

1.23
1.30
2-25
2.50

13
no isomerization

Phosphorescence
0-0 band (£)

385O
4100
4630
4830
5100
5^00

Energy of triplet
kcal mole x

lh

70
62

59

57

53
a- calculated from the corresponding phosphorescent wavelength
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Acetophenone and benzophenone give nearly an equal stationary mixture so, their triplet
levels are above the transition levels of both cis and trans -piperylene. On the other
hand

;
a-naphthaldehyde establishes a stationary state in which the trans isomer pre-

dominates. This implies that the Sg -T]_ transition of cis -piperylene lies at a slightly
longer wavelength (lower energy) than that of the trans isomer, since the trans - cis

isomerization has become relatively inefficient., Since dibenzalacetone shows no sensi-
tizing action the energy of both diene transitions must be greater than 53 kcal mole 1

(22; 26). Conjugated dienes have never been known to phosphoresce, hence the excited
singlets produced probably do not decay by way of a triplet state. The sensitized reac-
tion, however, does involve a triplet intermediate thereby giving rise to a new set of
chemical intermediates (22).

A second possible approach is to use a system in which the triplet induced in the

reaction under study undergoes exchange of multiplicity with some other added substance
whose triplet state lies lower in energy. This is shown in the following equation:

^(triplet) + S2( singlet) —-

—

> Sx + T2
In the above scheme S2 represents a molecule which is known to undergo exchange of
multiplicity with a triplet but is inert to an excited singlet state. Butene-2 offers
an example of such a substance (2k). By an independent study using mercury as a sensi-
tizer, it has been found that the triplet state of butene-2 has equal probability of
producing cis or trans butene -2 ( 27)

•

The photochemical decomposition of formic acid into hydrogen, carbon monoxide,
carbon dioxide and water was investigated. To test the idea of a triplet intermediate,
the reaction was carried out in the presence of cis -butene -2. The results indicated
that in the presence of cis -butene -2 not only was the reaction quenched but in addition
the cis -butene -2 underwent isomerization. Since an excited singlet will not isomerize
cis butene-2 the decomposition must have involved a triplet intermediate.
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ALKYL HYPOCHLORITES

Reported by Alan N. Scott December iK, 1961

INYHODUCTION
Tlie first report of an organic hypohalite appeared in l86l, when Schutzeriberger

postulated the formation of acetyl hypochlorite, CH3CO2CI, from glacial acetic acid and

chlorine monoxide, C120. Acyl hypohalite is also thought to form in solution as the
first step in the Hunsdiecker reaction, where a silver carboxylate is treated with
halogen (l). Although Aribar and Dostrovsky (2) recently claimed spectroscopic con-

firmation for both of these reactions, no pure acyl hypohalite has ever been prepared (3)
Several phenyl hypohalites have been proposed in the literature (3).> but it has

been argued that these compounds actually have a quinonoid structure, tautomeric to
the one with an oxygen-halogen bond. For example, phenol reacts in aqueous solution
with four moles of bromine to give a stable, crystalline compound formerly thought to
be tribromophenyl hypobromite (I). The p-quinonoid structure (II), however, was
found to be correct on the basis of spectral studies (k) showing an infrared band at
I67O cm.

~
1 and an ultraviolet band at 280 mp. (e = 9270).

Br Br

><r I3C

Jr Br^Br
Alkyl hypochlorites have been known since 1875 (3)« Some of the more stable of

these have recently received considerable attention and will be the main concern of
this seminar.

THE FORMATION AM) DECOMPOSITION OF ALKYL HYPOCHLORITES
A number of alkyl hypochlorites may be prepared by passing chlorine gas through

aqueous, alkaline solutions of the corresponding alcohols at 0° in the dark (5, 6).

The liquid alkyl hypochlorite, which is only slightly soluble in water, separates
rapidly from the reaction mixture. Other satisfactory methods include treatment of
the alcohol, usually dissolved in an inert solvent, with chlorine monoxide or aqueous
hypochlorous acid ( 3) •

The equilibrium t-C^IgOCl + H2O —

^

t-C4HgOH + H0C1 was investigated in aqueous
t-butanolic solutions by Anbar and Dostrovsky (2). Through isotopic studies it was
shown that the C-0 bond remains intact. The reactions were first order within a pH
range of 2.7-6.3 and were reported subject to general acid -base catalysis on the basis
of rate determinations in acetate and phosphate buffers. Shown below are the catalytic
constants derived for various acids, HA, and their anions, A , at 25°, as given by Anbar
and Dostrovsky. A discrepancy between the two values for H2PO4 may be noted.

HA: H3 H2 CH3C0aH H3PO4 H2P04
"

H0C1
kHA: 1.1 x 102 <10"4 5-7 8. 2 x 10 3-6 2. k x 10
kA-: <10"4 2. 3 x 107 3-lxlO 1

1. 1 x 10~2 4.5 x 10 9.1 x 103

It was proposed that for an acid, HA, or base, A , to be an effective catalyst,
it must react with H0C1 or t-BuOCl to form an intermediate, AC1, more reactive with
respect to chlorination and hydrolysis than the parent compounds. The effectiveness
of AC1 as a chlorinating agent correlates with the electronegativity of A, and there-
fore with the acidity of AH.

The hypochlorites of tertiary alcohols, unlike those of primary and secondary
alcohols, possess considerable stability. t -Butyl hypochlorite (TBH) , which is pro-
duced in 72-95^ yields by the chlorine gas method, is sufficiently stable to be purified
by distillation at 80°, atmospheric pressure. If kept cold and dark, TBH may be
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stored for long periods without appreciable decomposition. All alkyl hypochlorites,
however, are more or less sensitive to heat or light.

TBH decomposes thermally in the vapor phase to give principally acetone and
methyl chloride. At 100° in the dark, 1$ decomposition was noted after one half hour

(7) and at jkO , a half-life of less than one second was reported (8). The conversion
of toluene to benzyl chloride by the action of TBH and the sensitivity of hypochlorites
to sunlight are indications of the facility with which hypochlorites may enter into
free radical reactions. A strong inhibitory effect of oxygen on the rate of thermal
decomposition of tertiary hypochlorites points to a free radical mechanism. An in-

ternal, four-center mechanism is also consonant with the products formed and will
be considered later.

Yoffe (8) formulated the following free radical mechanism to explain the major
products:

1)

2)

3)

t-BuOCl
t-BuO-
CH3 . + CI-

t-BuO- + CI*

TCH3) 2C0 + CH3 .

—> CH3C1

AH

h. 7 kcal.

-81

Ea

13 kcal. (Ref. 9)

The formation of t-BuO* in step 1 has analogies in the photolysis of di-t_-butyl per-
oxide and in many other reactions in which alkoxy radicals are formed by the thermolysis
or photolysis of alkyl peroxides, hydroperoxides and nitrites (9). When thermolysis of
a mixture of TBH and nitric oxide was carried out, t -butyl nitrite was a by-product,
thus confirming initial 0-C1 fission (7)- The decomposition of alkoxy radicals into
carbonyl compounds similar to step 2 is well known. That step 3 is the major source of
methyl chloride, was questioned by Phillips (7) , because of the small concentrations
of CH3 « and CI* . He proposed the following as chain propagating steps in a radical
chain:

2) t-BuO* —-*• (CH3) 2C0 + CH3 *

2a) t-BuOCl + CH3 * —-» t-BuO- + CH3C1

Step 2a, the abstraction of chlorine from TBH by methyl, is analogous to the previously
known vapor phase abstractions by methyl of halogen atoms from halogen molecules and
alkyl halides, and of nitric oxide from alkyl nitrites. Phillips observed that the
decomposition is greatly accelerated by small amounts of di-t -butyl peroxide under
conditions where neither TBH nor di-t -butyl peroxide decomposes rapidly. It was inferred,
therefore, that long kinetic chains were possible when initiation occurred through the
fission of the peroxide into t_-butoxy radicals. However, with TBH alone, initiation
occurred through step 1, which produced chain terminating chlorine atoms. Step 3 ^as

designated the chief terminating reaction. Other reactions involving chlorine seem
possible and include the more plausible termination, step 5.

t-BuOCl + CI- t-BuO- + Cl2

5)

Optically active 2-methyl~3-phenyl-2-butyl hypochlorite, when refluxed in CC14 ,

was found by Greene (10) to decompose into acetone and nearly racemic a-phenylethyl
chloride under conditions in which an authentic sample of optically active a-phenyl-
ethyl chloride retained most of its activity. By correcting for the small loss in
activity of the authentic sample, 1. 1 - 1.30 retention was calculated for the a-
phenylethyl chloride from the hypochlorite. If this decomposition goes largely through
a radical mechanism similar to the one discussed above for TBH, then the chloride
would be formed from planar or rapidly inverting a-phenylethyl radicals, leading to the
observed racemization. An internal rearrangement of the hypochlorite via a four-
center-type transition state is ruled out as a principal reaction path, since retention
of configuration around the 3_car^on would be expected in this case.





-126-

C6H5 H £1—0

^df-- -c^
CH3

CH3 CH3

C^E^H

\—Cl + (CH3) 2CO

CH3

C6H5 H 0C1

^C C >

CHa CH3
The 1. 3^ retention can be explained by a small amount of four -center reaction, a cage
effect, or asymmetric induction in the chlorine abstraction step.

The decomposition of 2-methyl-3-phenyl -2-butyl hypochlorite could have taken, at

least in part, another course yielding ^-^ihenyl butanone and methyl chloride. That these
products were not found follows from the low stability of methyl radical relative to a-
phenylethyl radical. Similarly, in the thermal decomposition of methylethylisopropyl-
carbinyl hypochlorite, isopropyl chloride and methylethyl ketone are produced in 93^
yield, ethyl chloride and methylisopropyl ketone in kfo yield, and methyl chloride and

ethylisopropyl ketone in less than O.j/o yield. From this and other examples, Greene

(11) has estimated that the rate of cleavage of sec -alky1 exceeds n-alkyl by more than
20 to 1, and the rate of n-alkyl (ethyl) vs. methyl is 10 to 1. The former order may be
reversed when "n-alkyl" is part of a five-membered ring. Thus, from 1-isopropylcyclo-
pentyl hypochlorite (n=4, R^l-C^tO , 5-chloroketone is produced in 9^ yield, while

R ^ ,R
f)

( C&^( (CHjTjC ^~* Cl(CH2) nC-RX0H X0C1

cyclopentanone and isopropyl chloride are formed in ~5.h% yield, and therefore, the rate

of cleavage of isopropyl vs. cleavage of one of the two equivalent ring C-C bonds is 1 to
lk. The bulk of this difference is probably associated with relief of ring strain and

non-bonded interactions (6 kcal. in cyclopentane from combustion data). The decomposition
of cyclic t-aikyl hypochlorites is a convenient source of the otherwise difficultly
available OD-chloroketones (12). Yields are good when n = k or 5 and R = methyl or phenyl.

Lower yields are reported when n = 6.

In the decomposition of certain long chain hypochlorites, intramolecular hydrogen
abstraction completes with cleavage. This will be discussed later.

Primary and secondary alkyl hypochlorites decompose rapidly at room temperature and

explode in strong light. The products are hydrogen chloride and an aldehyde or ketone.

Although the reaction has not been studied in detail, it is assumed (13) to proceed
through a radical chain initiated by RR'CHOCl -> RR'CHO- + Cl* and propagated by Cl- +
RR'CHOCl > HC1 + RR'COCl and RR'COCl -> RR'CO + Cl- (where R = H or alkyl, and R 1 = H or

alkyl)

.

HYDROGEN ABSTRACTION FROM CARBON
TBH is an efficient free radical chlorinating agent for alkyl, benzylic and allylic

positions of hydrocarbons and derivatives. The over-all reaction is RH + t-BuOCl >
RC1 + t-BuOH. The first to study these reactions in detail have been Walling and co-

workers (14-17).

Mixtures of TBH and excess toluene were found to be stable for long periods under
nitrogen in the dark, but when initiated by light or a radical initiator such as azo-

bisisobutyronitrile (AIBN) , showed a rapid reaction after a variable induction period,

and complete consumption of the TBH (1^). The reaction was inhibited by oxygen, p-

cresol or hydroquinone, typical free radical inhibitors. There was also observed an

acceleration by iodine, an effect which is harder to account for. At 40° regardless of

inhibitor or accelerator, the same products were formed to about the same extent and

apparently by the same mechanism: benzylchloride, &+% (mole fo based on original TBH);

benzal chloride, 3^; chlorotoluenes, 0.k%; t-butanol, 91%', and small amounts of chloro-
t-butanol, acetone, and methyl chloride. The following chain mechanism was postulated
for the AIBN initiated reaction:

CN CN CN

Initiation: 1) (CH3 ) 2CN=NC(CH3) 2 -> 2(CH3) 2C' + N2

CN ON

2) (CH3) 2C- + (CH3) 3C0C1 -» (CH3) 2CC1 + (CH3) 3C0»
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Propagation: 3) (CH3) 3CO- + CH3C6H5 > (CH3) 3COH + • CH2C6H5

k) -CH2C6H5 + (CH3) 3C0C1 > C1CH2C6H5 + (CH3) 3CO-

est. AH est. Ea

-26.5 kcal. 2+2 kcal.

2k small

Reaction 3 competes with disproportionation of t-butoxy radical to acetone and methyl
radical, Ea=ca. 13 kcal. Methyl radical may then attack TBH to form methyl chloride
and t-butoxy. These are the chain propagating steps in the decomposition of TBH. The
small activation energy of hydrogen abstraction, step 3; compared to that of dis-
proportionation, explains the formation of less than 2^ acetone and contributes to the
long chain length of 104 estimated for the consumption of TBH through both processes.

Competitive chlorinations were carried out with a number of substituted toluenes

(15), and the relative reactivities at k0° were found to yield a linear Hammett plot
with p= -0. 83. The t-butoxy radical is therefore an electron-accepting species which
preferentially attacks points of high electron availability.

Saturated aliphatic hydrocarbons undergo rapid photoinitiated chlorination
by TBH (l4). Although some substitution occurs at all positions, the t-butoxy radical
is quite selective, preferentially attacking tertiary and next secondary C-H bonds.
The magnitude of these differences can be seen in the table below, which summarizes
a large amount of data obtained from competitive studies and isomer distributions (17).

Relative Reactivities of C-H Bonds in Halogenations

Cl2
*

Aliphatic
Br2

*"

Aliphatic
TBH, k0° in liquid phase

Aliphatic Benzylic Allylic 1

Primary 1 1 1 10 12
20

(p,p)
(s,p)

Secondary 3-9 82 12.2 32 61

93
375

(s,p)

(s,s)

(cyclic)
Tertiary 5-1 1600 kh 69 176 (t,p)

*C12 , 27° in gas phase; Br2 , 127° in gas phase.

The selectivities of TBH increase somewhat at lower temperatures and are slightly
enhanced in complexing solvents, such as benzene and carbon disulfide. Strong
solvent effects of this kind were recently observed in certain chlorine atom reactions
and were attributed to stabilization of radicals by complex formation with solvent
molecules.

The table shows that in benzylic as well as aliphatic hydrocarbons, the order of
increasing reactivity is primary, secondary, and tertiary. As expected, this order
also corresponds to that of decreasing bond strength in each series. When the benzylic
and aliphatic series are compared to each other, however, the bond strength correlation
fails. Secondary and tertiary aliphatic C-H bonds, with energies of about °A an<̂ 90
kcal, are more reactive than benzylic C-H, energy 77- 5 kcal. A similar incongruity
is noted in chlorine atom reactions. Walling and Jacknow have suggested that alkyl
groups increase reactivity by their electron supplying properties as well as by their
effect of weakening the C-H bonds. However, the situation is complicated by the
radical complexing properties of aromatic hydrocarbons.

Photoinduced intramolecular hydrogen abstraction can occur in a long chain or
cyclic hypochlorite in which a quasi- six-membered transition state is possible (l8).
The initial product is a 5-chloroalcohol, which may be converted to a substituted

R0C1
hv

>•"
0'

x
c

H
I

/

A

N
H

RC0C1

jOH

Dcr CI
-HC1.

^a

x \
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tetrahydrofuran. In studies by Greene (11) , the yields of S-chloroalcohols were better
with secondary o-carbons than with primary, and in no case was any (3,7, or e-chloro-
alcohol isolated (11, 16). The major side reaction was cleavage, the amount of which
was reduced at lower temperatures. This temperature dependence indicated Ea(cleavage)

-

Ea ( abstraction) =0. 8 kcal. The intramolecular nature of the abstraction step was
demonstrated by the fact that no dependence of abstraction-cleavage ratio on concentra-
tion was noted. Recently, intramolecular chlorination has been applied to steroids

(19, 20). For example, 3P-acetoxy-6o:-methylcholestan-6p-ol was converted to its

hypochlorite with chlorine monoxide and photolyzed. Simultaneous dehydrohalogenation
and hydrolysis of the resulting chloroalcohol with alcoholic potassium hydroxide gave
6cc-methyl-6,19-oxidocholestan-3P-ol in 50$ yield.

In hydroxylic solvents, TBH adds to olefinic double bonds. The considerable
literature on such reactions has been reviewed (3)- The mechanism is probably analogous
to the addition of hypochlorous acid and gives the Markownikoff addition product. For
example, cyclohexene gives its chlorohydrin in aqueous acetic acid. On the other
hand, with the same reactants in a non-polar solvent using free radical sources or

C1
(

TBI1 r^\] TBH.CCI4
OH AcOH,H2 MJ (C6H5C0)a0^or hV

'"

light as initiators, allylic chlorination occurs in high yields (17, 21). This reaction
is general for allylic C-II bonds.

Walling and Thaler (17), in studies of the stereochemistry of allylic chlorina-
tions with TBH, have found that each of the isomeric butenes, the 1-olefin and the cis
and trans -2-olefins, produces l-chloro-2-butene and 2-chloro-l-butene via intermediate
allylic radicals. By the fact that the product ratios are different for each butene,
a common allylic radical is precluded, however. Furthermore, the l-chloro-2-butene
from trans 2-butene is all trans , and that from cis 2-butene is all cis . Similar
retention is noted with the 2-pentenes. These results imply that the reaction
of allylic radical with TBH is much faster than its cis -trans isomerization and that
there are no reversible addition reactions leading to isomerization before or after
the substitution step. A large barrier to free rotation is consistent with the large
resonance energy (ca. 25 kcal-) calculated for a planar allylic radical (13)- In
certain sterically crowded cis -allylic radicals this barrier is surmounted, especially
at higher temperatures. Thus, cis -2-pentene gives some trans product at 100°, while
cis -4,4-dimethyl-2-pentene gives complete retention only at -78 .

If it is granted that allylic radicals once formed can retain their stereochemistry,
then the allylic radicals produced from 1-olefins, and, therefore, the l-chloro-2-
olefins in the product must reflect the conformation of the 1-olefin at the moment of
H-abstraction. By assuming that the 2-hydrogen is eclipsed in the two most stable

\ / t-BuO
R H

H
"trans

"

CH2

II H
\ / t-BuO-
£ C -=

4 \h2

gauche
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conformations, and that the most stable of these is the one in which R and methylene
are trans , one can explain the predominance of trans over cis in the products: 2 to
1 for R = CH3 , ^ to 1 for R = C2H5, and trans only for R = t-Bu.

The table of relative reactivities above shows those of allylic C-H bonds. These
reactivities depend upon the degree of substitution,, not only of the carbon from which
hydrogen is abstracted, but also of the carbon on the other end of the allylic system.

(PjP) refers to a reaction in which the odd electron is delocalized between two pri-
mary carbons, ( s,p) between a primary and a secondary carbon, etc. The great relative
reactivity of cyclic allylic hydrogens in cyclopentene and cyclohexene may arise from
the fact that an entropy loss is incurred by open-chain systems in forming restricted,
planar allylic radicals, while in cyclic molecules the system is already frozen.

In all 1- and 2-olefins studied, more l-chloro-2-olefin than 3-chloro-l-olefin
is formed. The proportion of the former is greater with more hindered olefins, indica-
ting the importance of steric effects in the chlorination step.

AROMATIC CHLORINATION WITH TBH
In acidic solvents, TBH is a rapid nuclear chlorinating agent for aromatic

compounds such as toluene, anisole, and chlorobenzene.
These reactions were very similar in rate and o,p ratio (1:2 for anisole) to

those observed when the chlorinating reagent was prepared from chlorine (or hypo-
chlorous acid) and aqueous silver perchlorate (22). Therefore, a chlorinium ion
intermediate was proposed. In inert solvent at room temperature very slow aromatic
chlorination occurs with the highly activated anisole. The o,p ratio of resulting
chloroani soles was formerly reported to be high (3)> as is the case in many hemolytic
aromatic substitutions. Recent work (22), however, showed the o,p ratio to be about
1 to k, which is also the ratio of products when molecular chlorine attacks anisole.
This circumstance, together with spectral and chemical evidence for a slow decomposition
of TBH at room temperature, led to the suggestion that in inert solvents molecular
chlorine, slowly formed from TBH, is the active electrophilic chlorination agent.

TBH reacts slowly in benzene with p-nitroaniline and its E-methyl and N,N-
dimethyl derivatives to give the o-chloro compounds (23,).. The free radical nature
of these reactions is indicated by their photoinduction and inhibition by oxygen.

When interrupted after ten hours, one reaction with p-nitroaniline was found to have

95^ of its original oxidizing power while only 6($ of the original TBH was recovered
under conditions where 9C$ recovery is expected. Similar results were also obtained
with the mono-N-methyl-p-nitroaniline. These facts suggest that when N-hydrogen is
present, the reaction depends upon the initial formation of an N-chloro compound. It
is not stated in this report (23) whether the reaction with N,N-dimethyl-.p-nitroaniline
loses its oxidizing power more slowly than its TBH.

TBH has been found a more convenient reagent for the N-chlorination of amines
than the commonly used hypochlorous acid {2k, 25) « The reaction proceeds in inert
solvents at low temperatures.

1

2

3
k

5

6

7
8

9
10
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THE QUANTITATIVE EVALUATION OF STRUCTURAL EFFECTS UPON THE REACTIVITY
OF META AND PARA SUBSTITUTED BENZENE DERIVATIVES

Reported by B. R. O'Connor December 18, 1961

The primary goal of physical organic chemistry is to be able to predict reactivity
on the basis of molecular structure. To date, the most notable success has been achieved
with reactions of meta and para substituted benzene derivatives. The purpose of this
seminar is to present and discuss the various methods of determining the effect of
structure upon ionic reactivities of meta and para substituted benzene derivatives.

A very general review of structural effects upon reactivity has been recently
published (l).

The Hammett equation 1 is commonly applied to reactions of a series of compounds of

log K/K = crp (1)

the general structure I, in which Y is a functional group reaction center and X is a
substituent group. The terms of the Hammett equation are defined as
follows: k is the rate or equilibrium constant for a substituted compound
in an arbitrary reaction series; Rq is the rate or equilibrium constant
for the unsubstituted compound in the same reaction series; a is the log
K/Kq for the benzoic acid ionization equilibrium chosen as the standard
reaction series, although many substituent constants have been calculated
from data derived from other reactions which have been related to benzoic acid ionizations
(2); p is a dependent variable which is a measure of the susceptibility to substituent
effects of the reaction series under consideration relative to that of the benzoic
acid ionization series.

Several excellent theoretical treatments of the thermodynamic basis of empirical
linear free energy relationships such as the Hammett equation are available (2, 3, ha,,

5, 6). They show that in order for a linear free energy relationship to exist between
two reaction series, the differences in free energies of activation between the two
series must be determined by the differences in the potential energy terms of the
partition functions, and be independent of the kinetic energy terms, or that changes in
the kinetic energy terms must be proportional to changes in the potential energy terms.

To understand the implications of a linear free energy relationship it is necessary
to discover what factors contribute to the potential energy differences £AEp between the

two reaction series. Two factors have been assumed to contribute to the AAEp of reaction
series involving meta and para substituted benzene derivatives; a) polar effects, b)

resonance effects. They can be catagorized by considering the reactant RY, in which
R represents the substituted phenyl radical, and Y the functional group reaction center.

Any effect which acts upon the functional group Y through the R-Y sigma bond or through
space is a polar effect. Any resonance interaction within the substituent group R
itself, but not disturbing the bond order of the R-Y bond is classed as a resonance
polar effect. A resonance effect is any interaction between R and Y which requires two
or more valence bond structures to represent the R-Y bond. Solvation effects contribute
to AAF to the extent that they contribute to the resonance and polar effects.

The Hammett equation expresses the rate and equilibrium constants of many reactions
of side chain benzene derivatives with a median accuracy of -Vjfo (2). This is partly
due to a fortuitous choice of the standard reaction series; the resonance and polar
effects involved in the ionization equilibria of substituted benzoic acids must be
fairly characteristic of the effects in a large number of reaction series.

There are, however, reactions in which the resonance and polar effects cannot be
successfully correlated by Hammett sigma constants. In general, any reaction which
involves a large electron density or deficiency in the ground state or the transition
state (or reactants and products in the case of equilibria) at a position which can be
in direct resonance interaction with substituent groups on the benzene ring is not
likely to be amenable to the Hammett equation.

One way to correlate reactivities which deviate from the Hammett equation is to
choose a new standard reaction which involves resonance and polar effects similar to





limits (12)

o+ (8,9) lower upper
-1.7 -1.49 -1.87
0.56
-0.5 -0.28 -O.63
-0.78 -0.64 -0.82
o.n4 -0.01 -0.25

-132-

the reactions to "be correlated. For equilibria involving substituted anilines and
phenols, a series of <x® values has been derived, using the ionization of substituted
phenols as the defining reaction (2). Brown has shown that a number of reactions
involving a strongly electron deficient reaction center can be correlated using c~

values calculated from data obtained from the solvolysis reactions of a series of
substituted phenyldimethylcarbinyl chlorides (7, 8).

Application of the approach of Hammett, Jaffe, and Brown to a quantitative evaluation
of structural effects on reactivity has serious drawbacks. First, it treats the experi-
mental data primarily in a statistical fashion which tends to minimize and obscure any
specific effects a substituent may have in a given reaction. The various sigma values
which Jaffe and Brown tabulate are mean values calculated from a large number of experi-
mental measurements. As can be seen from Table I, the variation in c~ and cT^ values
calculated from various reactivity data is often large.

TABLE I

limits (2)

R <x (2) lower upper
p-N(Me) 2 -.600 -1.05 -0.206

p-cw .628 0.232 0.756
p-OFh -.028 -0.109 0.118
p-OMe -. 27
p-Cl . 23

Secondly, the substituent constants yield little useful information about specific
resonance and polar effects operative in a given compound in a given reaction.

Probably the only valid conclusion concerning structural effects on reactivity
which can be drawn from a up or cr p correlation is that the sum of resonance and polar
effects operative in the reaction being considered is proportional to the sum of the
resonance and polar effects operative in the standard reaction series. No useful
separation of these effects can be achieved.

Taft, and Van Bekkum, Verkade, and Wepster have proposed modifications of the
Hammett treatment which are similar in many respects (10, 11, Ik, 15, l6) . By
choosing a select group of meta substituent constants derived from ionization data of
substituted benzoic acids, data from a number of reactions can be correlated very
precisely. These meta substituent constants have been called cr and 0® by Taft
and Wepster, respectively. The rho values determined by these constants can in turn
be used to calculate "effective" sigma values (cr) for other substituents. These
sigma values (cr) are not very precise; significant variations are apparent even in
reaction series with similar reactivities (10).

The degree of precision with which cr° and a^ values correlate the experimental
data has been ascribed to the lack of resonance interaction between the substituent
group and the reaction site. The substituent effects observed arise primarily from
inductive transmission of electronic effects across the R-Y bond. Since the substituent
constants cr° and cr" formally represent the effect of the group R upon the reaction
center Y, resonance effects within R transmitted by induction to Y are included in them.

To establish a precise measure of the inductive effects of para substituents, a
methylene group can be introduced between the benzene ring and the reaction center.

Direct resonance interactions between the substituents should be absent in such systems.
In this way, cr constants have been extended to include para substituents. Hammett cr,

Taft cr , and Wepster cr values for a number of substituents are compared in Table II.

Note that a° is equal to cr for electron withdrawing para substituents (except fluorine),
and that cr is unequal to cr in general for electron donating groups. This suggests
that direct resonance interactions do contribute to Hammett sigmas.

Wepster, Van Bekkum and Verkade have made statistical comparisons of the precision
of data correlation using cr^ and Hammett cr. The comparisons prove unequivocally
that (jN values give more precise correlations, although, of course they are much less
widely applicable. They have also used the regression lines derived from <jN values to





TABLE II

a° (10) CT
N (11)

Substituent meta para meta meta
-N(Me) 2 -0. 15 -O.kk -0. 211

-nh2 -0.14 -0. 38 -0. 161

-OMe 0.13 -0.12 0.115

-F 0.35 0.17 0.337 0.337
-CI 0.37 0.27 0.373 0.373
-Br O.38 0.26 0.391 0.391

-I 0.35 0.352

-Me -O.07 -0.15 -0. 069 -0. 069

-H 0.00 0.00 0.00 0.00

-CN 0.62 0.69 0.678

-COMe 0.36 0.46 0.376 0.306

-N02 0.70 0.82 0.710 0.710
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CI

v (2)

para
=ur£oo
-0. 660
-0. 268
0.062
0.227
0.232
0.276

-0. 170
0.00
0.628
O.516
0.778

calculate substituent constants for other meta and para substituents, and from them,

they have concluded the following: 1) the precision of sigma values calculated from
this regression line treatment is a function of the substituent and the site of sub-

stitution, 2) sigma constants derived for meta substituents have relatively narrow
ranges and small standard deviations, 3) "the ranges of calculated sigma values for

electron donating substituents in the para position decreases in the order, N(Me) 2 ,

NH^OMe, Ol£>Me,F,Cl,Br,I, roughly the order of electron donating ability for these
substituents.

These observations, combined with those of Taft concerning effective sigma con-

stants cj, establish more firmly that resonance effects contribute more significantly
to para substituent constants than to meta, and that the magnitude of resonance
interactions is a sensitive function of the reaction type.

Norman has suggested that a set of substituent constants (ctq) be defined using
the alkaline hydrolysis of substituted phenylacetic esters as the standard reaction (17)

As was the case with Taft ' s <r° values for para substituents, choice of this series
precludes any direct resonance interaction between a substituent and the functional
group reaction center, and also between the functional group and the aromatic ring.

Wepster assigns a^ values to electron withdrawing substituents
in the para position with data obtained from reactions in which the

reaction center is electron deficient. However, if II is a con-

tributing structure to the resonance hybrid, then there would be
a polar effect of a substituent on the resonance interaction of
the functional center with the aromatic nucleus. That such an

effect is included in the cr^ values can be readily seen from a
T
_

plot of the data for the alkaline hydrolysis of substituted phenyl-
acetic esters vs. cr" values. (Fig. 1.) Strongly electron withdrawing substituents reduce

the relative contribution of II to the total resonance hybrid, and this gives rise to an

inconsistency in the cr^ values (17)-
It is obvious that there are several types of resonance contributions to substi-

tuent constants. Taft has assumed that the contributions of inductive (including
field) effects can be evaluated directly, and that the remaining contribution is from
resonance and any other effects which may be important. Taft's method for evaluating
the inductive effect of a substituent has been reviewed (4b, 13, 18)

.

The inductive effect of a substituent group upon reactivity in the aliphatic series
is denoted by cjj. There are at least two lines of evidence to establish that cjj values
of substituents in an aliphatic series are also acceptable empirical measures of the

inductive effect of a substituent bonded to an aromatic carbon atom. Taft and Wepster
have shown that when resonance interactions of a -N02 , -MeO, or -N(Me) 2 substituent with
a functional center are completely inhibited by steric factors, the experimental sub-

stituent constants obtained for these substituents are equal to the Uj values calculated
for them from aliphatic reactivity data (19, 20). Taft has also shown that the shielding
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parameters for meta substituents in F19

NMR spectra of fluorobenzene can "be correlated
by (jj values (10). Furthermore, by assuming
that the resonance contribution to meta sub-
stituent constants is proportional to resonance
contributions to para substituent constants,
Taft and Jaffe have been able to calculate ov
values from aromatic reactivity data which
agree -with Oj values from aliphatic reactivity
data very precisely (l4, 21).

log (k/k )

0.8

0.6-f

0.4-

0.2"

0.0-

-0.2

-.2

p-N02
m-N02
p-COMe

It appears tnat the contribution of
inductive (including field) effects to
substituent constants can be precisely
evaluated. Since the inductive effect of a

substituent measured by oj is formally a
measure of the inductive interaction through
the Ar-X bond in a hypothetical molecule in
which no resonance interaction is being
transmitted through that bond, the remaining
resonance effect (termed R effect or value
by Taft) is a measure of all the other inter-
actions. For example, in this treatment, any
inductive effects which arise from resonance
interactions between the substituent or the
functional group with the benzene ring are

included as resonance effects.

The R value of a substituent can be calculated using equation 2.

R = log (K/KcO-Ojp (2)

the reaction constant p being obtained from the slope of the line determined by a plot
of the log(K/KQ) values vs. Hammett sigmas for electron withdrawing meta substituents.
The substituent constants representing this R effect can be calculated using equation 3-

1,

o.o 0.2 0.4 0.6 0.8

Figure 1

'R
[log(K/K ) - c-lP ]. (3)

Resonance substituent constants (otJ determined in this way for one reaction series can
then be compared with <x^ values obtained from another reaction series. When precise
correlations are obtained, the relative contributions of resonance effects to reactivity
in each series can be assumed to be equal.

Wepster has evaluated resonance effects in a slightly different way (11) If one
writes the equation 4

log K-log K = per = pa11 + p(cr-(TN ) (4)

£AF
p

= 2.3 RT x p(cr-crN) = 2.3 RT [log (| ) -po
11

] (5)

then equation 5 can be used to calculate the change in free energy due to para resonance
interactions. Wepster ! s treatment differs from that of Taft's in that he prefers to
evaluate para resonance interactions in terms of free energy differences, rather than
break them down further into contributions to substituent constants. He argues that
resonance interactions are functions of the reaction constant and the temperature, and
that comparisons of contributions of such interactions to substituent constants are
of little significance unless they are made within a single reaction series or between
two series in which the product of rho and temperature is the same.

Wepster has tabulated AAF_ values for various substituents in a number of reactions,
and in general, for reactions with similar electronic demands, the /V\F values for a
substituent are reasonably constant. However, Wepster is unsophisticated in his use of
(cr-uj.j). It has been suggested earlier that crjj constants involve some resonance contri-
butions, and that resonance contributions to Hammett <r are ill defined. More precise
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measures of resonance interactions could "be obtained by using substituent constants for
which resonance effects are better defined.

Recently, Norman has proposed a quantitative treatment of electrophilic aromatic
substitution (22). If one assumes that the transition state for electrophilic aromatic
substitution is represented by III in which the electron demand upon a substituent is

a function of the reactivity of the substituting reagent and of the substrate , then it

seems logical to conclude that the resonance effect contribution

to a substituent constant should vary from one reaction to

another, being a function of the electron demand of the trans-

ition state upon the substituent, and the ability of a particular
substituent to respond to the electron demand.

For a reaction involving a highly reactive reagent and a

reactive substrate, the transition state closely resembles the

ground state, and little or no electron deficiency is developed
on the benzene ring. The partial rate factors will be determined
primarily by the ground state electron densities. The situation
is expressed by equation 6.

log10Pf = crG
<i> (6)

in which <jq is a measure of the ground state electron density and is a measure of
the electron demand of the reagent upon the substituent in the transition state.

When the reagent and the substrate are less reactive, the transition state more
closely resembles the Wheland intermediate than the ground state, and resonance
interaction between the substituent and the aromatic ring will effect the partial rate
factors. This is expressed by eq. 7>

log10Pf = crG + cr
p

f(4>)<i> (7)

in which cr f (<J>) represents the resonance interaction of a substituent as a function of $.

cr represents the ability of a substituent to supply electrons by the resonance mechanism
at; the demand of the reagent.

By assuming that the pi electron releasing power of the t-butyl group is small com-

pared to that of other pi electron releasing substituents, Op for the t-butyl group can

be set equal to zero as a first approximation. 4> for a number of electrophilic substi-
tution reactions of t-butylbenzene can then be calculated using equation 6, Uq for the

t-butyl substituent being approximated by the Hammett sigma for t-buty] „ When equation 7
is written in the form 8, and logXo( logioPf-Oq^) vs. log10* is plotted from data for sub-

log!otlogioPf-c^3
) =log10Op + (n + 1) log10<t> (8)

stitution reactions on biphenyl, assuming c"G for para phenyl equal to the Hammett sigma
for para phenyl, n can be shown to equal one. Thus, equation 7 can be expressed pre-
cisely as 9«

logioPf = ^G* + o-p*
2

(9)

The dn and Op parameters for various substituents can then be evaluated by writing
equation 9 in the form 10, and plotting log1o(Pf/ <

t
>

) vs. $ for a substituent in several

log10 (Pf
/<J>) = crG + OpO (10)

reactions. Furthermore, by inserting values of o> and Op calculated in this manner
back into equation 9> mean values of 4> for each reaction can be obtained. Using these
new values, more accurate ctq and dp parameters can be calculated. Norman states that
the process was repeated until "self consistent" parameters were obtained.

Norman has evaluated parameters for Me-,Ph-, -OMe, -F, -CI, and -Br-substituents using
data from five electrophilic substitution reactions with a reactivity range of about
1012 , The parameters so determined, when applied to the same reaction data predict
partial rate factors for para substitution with a mean error of Vjfo.
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Table III contains o>, and o"p values derived from electrophilic substitution data,
and ctq values derived from the "base hydrolysis of phenylacetic esters (17). The
agreement between o>, values derived from the two independent routes is only fair; the
values derived from the ester hydrolyses are undoubtedly much more precise.

TABLE III

Substituent
a

-0.27

rr
crp x 102

2.6
Substituent

p-N02
^b

p-OMe -0. 097 0.708

p-Me -0.19 -0. 129 0.2 m-Me -0. 105
p-Fh 0,01 1.6 m-Cl 0.334
p-F 0.10 0.143 l.l m-N02 0.576
p-Cl 0.22 0.256 1.4

p-Br 0.24 0.281 1.4

a-from electrophilic aromatic substitution data.

b-from base hydrolysis of substituted phenylacetic esters.

The cjp values for the halogens deserve comment. Norman has suggested that the lower ov,

value of the fluorine substituent relative to chlorine and bromine can be explained on
the basis that fluorine has a large resonance polar effect contribution in the ground
state, and therefore its electrons are less readily available for donation in the transi-
tion state than the electrons of chlorine or bromine substituents.

Although this treatment of electro-

log

3-2
2.8
2.4
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1.2
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0.0
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4. Cl-
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/

philic substitution is not refined as yet,

and its general validity and utility have
not been tested, it does lead to some
interesting results. Consider a plot of
log P

f
vs. 4> (Fig. 2.). The physical

significance of the minima is that for /
reagents of high reactivity, resonance
between the substituent group and the
aromatic ring is not of much importance,
and the partial rate factor is determined
by the ground state electron densities.
As the reactivity of the reagent decreases,
(i.e. as <J> increases) the resonance effect
which enhances tha partial rate factor be-
gins to become significant, and to out-
weigh the unfavorable inductive effect.
Certain apparent anomalies in electro- 2 4 6
philic aromatic substitution reactions
can be explained in these terms. For
instance, fluorobenzene is deactivated in
the para position in nitration, chlorination by chloronium ion, and protodesilylation,
but activated in chlorination by molecular chlorine (22). The molecular chlorine must
be a less reactive reagent than the others, and hence the resonance interactions of the
fluorine substituent can overcome the unfavorable inductive effect when molecular
chlorine is the attacking reagent.

Brown has suggested a method of quantitatively evaluating electrophilic substitution
data on the basis that a linear relationship exists between the "selectivity factor"
log Pf/Mf and the reactivity as measured by either log P-^ or log Mf for electrophilic
substitution reactions on toluene, t-butylbenzene, and anisole (13, 23, 24, 25, 26, 27,
28) . The selectivity factor is a measure of the reactivity of the substituting reagent
toward the substrate, and hence can be related to Norman's <t> values (22). Norman
has pointed out that it is not surprising a linear relationship obtains for the methyl
and t-butyl substituents, which are fairly insensitive to electron demand, but that it
is unlikely that linear relationships will exist for halogen substituents, for instance.
Unfortunately, Norman's data for the para methoxyl substituent are not sufficient to
determine whether a plot of log Pf vs. $ for it is linear or not.

8 10 12 1416

Figure 2
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Recently, Hine has published a novel treatment of polar and resonance effects on

rates and equilibria (29, 30)* He has shown that the log (Kq/Kv.) for two closely
related equilibria (a) and (b) can be expressed by equation 11 in which i (cr

_y
-

Ky Ym-Xi
m-XiCs^Yi -^ m-X1 C 6H4Y2 (a)

-^—

—

m-X^eE*?! -~-^ m-XzZ^UYs (b)

KmX

Kfc 7Xa

°m-Y ^ > ^e s^k^^weftt constant, analogous to the Hammett equation. Equation 11
implies that the reaction constant for an equilibrium process is proportional to the
difference in substituent constants for the two functional groups being equilibrated,
and that the effects of structure of the organic radical to which the substituents are
attached, and the influence of the reaction conditions can be included in a proportiona-
lity constant Tm .

Equation 11 has the following theoretical basis. Assume that the free energy of
polar interaction in a molecule can be expressed by equation 12, in which the sigmas

FTfi = 2.3 RT % am _Xi
o-m _v (12)7p.i. - c..j six im um _Xi
um _y1

are polar substituent constants characteristic of the interaction of substituents with
other substituents meta to them, and Tm is defined as before. Assume also that the
free energy of reaction includes only the differences in free energy of polar interactions
between the reactant and the product, and the differences between the free energies of
the functional groups Yx and Y2 , including their interactions with the ring. Then,
the difference in free energy of reaction between reactions a and b can be expressed
by equation 13, provided that the changes in free energy of the functional groups Yx

AF
ab

= 2.3 RT Tm(crm.Xi
-o-m .X2)(crm.Y2-crm.Yi ) (13)

and Y2 are equal for reactions a and b. Mien X2 = H, equation 13 can be written

"ni X
AFab = log -j—L = Tmam .

XjL
(o-m _Yl -o-m _Ya) (Ik)

which is exactly analogous to the Hammett equation. For para substituted compounds, a
term representing the free energy of resonance interaction between the two substituents
must be added.

F ?"Xl = 2=3 RT t (cr „ a v + cr* A (15)
p. i=

v
V P-Xi p-Yi Xx Y£

R R R
in which <r ' s are resonance substituent constants, and the product cr cr is defined as

zero, unless erf; and oj are of opposite sign. From equation 15 i i an(j ^he
derivation of 1 equation Ik, the expression l6 is obtained.

Ky

log( f" *) = T [cr (cr -cr ) + cr cr -cr cr ] ( l6)

Ky p p-Xx p-i! p-i2 Xi i x &± i2
p-X2

Hine has tested the validity of equations 1^ and l6 by applying them to data for
four reaction series: l) ionizations of substituted benzoic acids, 2) ionizations of
phenols and 3) anilinium ions, h) solvolyses of substituted phenyldimethylcarbinyl
chlorides. The rho constant for the ionization of benzoic acids, t (

ctqqoh"
°C(Xy > ^ s

defined as 1.00, and the initial estimates of rhos for other reaction series are made
from conventional linear free energy plots using pKa's of the substituted benzoic acids
as the standard. The initial t's are obtained from these rho values and estimates of





TABLE IV
Haramett cr's

0"

m
0.78 O.56

°m ff
P

0.70 0.710 O.778
0.37 0.14-6 0.31 O.398 0.522
0.10 -0.17 -0.30 -0. 115 -0. 268

0.39 0.25 -0. 05 0.391 0.232

0.35 0.03 -0.05 0.337 0.03
0.4l 0.25 -0.07 0.373 0.227
-0.06 -0.13 -0.09 -0. 069 -0. 170
0.02 -0.29 -0.72 -0. 161 -0. 660
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the substituent constants for the COOH, NH2 , etc. , groups with the assumption that the
-IIH3® group has no resonance effect. The various parameters are then adjusted by trial
and error techniques to give the best fit to all the data.

Using these calculated parameters, a comparison has been made of the experimental
and calculated values of log (K/Kq) 's for the four reaction series. The average devia-
tion of the calculated values from 83 experimental values is 0. 06.

Substituent
-N02
-COOMe
-OMe

-Br

-F
-CI

-Me

-NH2

Table IV contains some of the sigma constants derived from Hine's treatment, and
the corresponding Haramett sigma values. With the exception of -OMe and -NH2 substituents,
the agreement between the two sets of constants is excellent. This implies that the
Hine polar substituent constants involve contributions of resonance and polar effects
similar to those represented by the Haramett substituent constants, and that the or values
contain the effects which are not present in the Hammett sigma constants, but that do
contribute to reactivity in reactions such as the ionization of phenols and anilinium
ions, and the solvolyses of phenyldimethylcarbinyl chlorides; reactions which cannot
be correlated by the Hammett equation. It also implies that the polar and resonance
effects contributing to Hammett substituent constants are not very sensitive to varia-
tions in electronic demand of reactions.

It is worthwhile to consider the four substituents with large <rR values. The two
electron withdrawing substituents have Hine o and Op constants which are very similar
to the corresponding Hammett sigma values. On the other hand, the two sets of sigma
values are very different for the two electron donating substituents. The difference
observed for the p-OMe and p-NH2 substituents could be explained by assuming that Hine's
op value includes only a polar resonance interaction, whereas the Hammett op includes
a polar resonance interaction and a direct resonance interaction between the substi-
tuent and the reaction center. The values for the meta substituent constants for these
two groups imply that there is some resonance effect operative in the benzoic acid
ionization equilibria which does not contribute as much to Hine's am values. It might
be interesting to determine resonance interaction parameters for meta substituents by
Hine ' s method

.

The substituent constants for the halogens listed in Table IV are also interesting.
They again suggest that the resonance effect commonly observed for the para fluoro sub-
stituent is primarily a resonance polar effect.

It is difficult to see why Hine's treatment gives this apparent separation of
polar resonance and resonance effects. It should be pointed out that Hine is rather
skimpy with details of his calculations, and that the general validity of the para-
meters derived remains to be tested. There were a number of adjustable parameters used
in the calculations, and this treatment may turn out to be little more than an elegant
dual sigma constant correlation.

However, Hine's treatment does suggest one extremely significant conclusion; the
reaction constant is a function of the appropriate substituent constants of the functional
groups involved at the reaction center. This is true for rate as well as equilibrium
considerations, although it is difficult to evaluate the substituent constant of a
functional group in a transition state. It means that it is not correct to assume that
the reaction constant for a meta substituted compound is the same as that for a para
substituted compound in the same reaction series. Jaffe has shown that better correla-
tions of data are achieved with the Hammett equation when different reaction constants
are used for meta and para substituted compounds, but he concludes that the improvement
is not sufficient to warrant such a treatment (31) - However, for any precise treatment
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of polar and resonance effects on reactivity, differences in rho values would be very
significant, and any treatment which involves the use of regression lines to establish
para substituent constants from meta substituent data should be suspect.

Precise means of evaluating resonance and polar interactions between substituent
groups and functional group reaction centers promise to be powerful tools for the eluci-
dation of electron distribution in molecules in their ground states and transition states.

It is obvious, however, that the electronic interactions involved are not simple, and not
necessarily constant nor even proportional from one reaction to the next. No simple

treatment of data can be expected to yield precise predictions of reactivity over a

wide range of reactions.
It does appear, though, that precise correlations of structural effects upon reacti-

vity can be made by judiciously matching specific substituent parameters with classes of

reactions. In order for this technique to be successful, it is necessary that the polar
and resonance effects that contribute to specific substituent parameters be well under-
stood. Some progress has been made in this direction. It is also necessary to know
what the dependence of the relative magnitudes of the polar and resonance effects upon
the reaction type is. A quantitative method of evaluating this latter factor would
increase the range of applicability of a given set of parameters.
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RECOIL TRITIUM REACTIONS

Reported by R. Booth January k, 1962

Research studies concerning recoil tritium have been present in the literature in
increasing numbers over the past few years. It is the purpose of this seminar to
summarize these studies and to evaluate the proposed mechanisms that have been advanced
concerning recoil tritium reactions. Pertinent literature references of older data
and an introduction to the subject may be found in the reviews by Willard (1, 2).

INTRODUCTION
Recoil tritium is produced by the nuclear transformations He 3 (n,p) H3 and Li 6

(n,a) H3 , having an initial energy of 1.8 x 105ev for the former and 2.] x 106ev for
the latter. It is slowed down by successive collisions with molecules of the medium
and may eventually reach thermal energies. However, it has been observed that the
recoil tritium will usually react to form a stable labeled compound while it is still
"hot/' i.e., has greater than thermal energy. Thus, the terms "hot hydrogen atom" and
"hot atom chemistry" are sometimes used in describing these reactions. Experimental
criteria for establishing that a reaction is caused by hot atoms are (a) that it is

temperature independent (the hot atom provides essentially all the required activation
energy) , (b) that it is relatively insensitive to added reagents, such as iodine or

oxygen, which would inhibit analogous thermal radical reactions (hot species react in
a few collisions while thermal species undergo many collisions before reacting and
thus are liable to encounter and be trapped by the scavenger) , and (c) that the addition
of a large excess of moderator, such as chemically inert helium, which will remove
the excess kinetic energy from the hot atom, reduces the yield of hot product (3)= It

should also be noted that, although the primary acts are "hot" processes, this may not
be true for subsequent reaction steps.

One general experimental method consists of neutron irradiation of a mixture of
He 3 and organic compound in a quartz ampoule (4). The recoil tritium species are
probably always neutral atoms by the time they have been slowed down and react to give
trace quantities of stable tritium labeled products. These are then separated, generally
by gas chromatography, and the effluent stream assayed for radioactivity by using an
internal flow proportional counter attached to the chromatography unit (5).

Before discussing the various systems that have been studied and those that are in

progress, it would be well to point out that the reactions of recoil tritium might be
expected to differ in going from the gaseous to the condensed to the solid phase (7).

That is, in the solid phase, due to the slowness of diffusion, unstable molecules or
fragments could exist for long periods after an irradiation. Also, reactions in which
the caging effect of the condensed phase is important could proceed. In this respect,
it should be noted that it would not be possible to distinguish reactions of the recoil
atoms with radicals in the parent "cage" from displacement reactions, while in the gas
phase hot replacement processes as well as radical recombinations could be observed (8).

LIQUID PHASE
Studies on liquid methane and ethane have been made by Wolfgang (9) and co-

workers, in which various lithium salts were used as the source of recoil tritium.
The samples consisted of low temperature slurries of the lithium salt and alkane
sealed in quartz capillaries, the irradiation lasting for ^>0-60 seconds at -l60°C.

The alkanes, listed in Table 1, were separated by distillation successively from liquid
nitrogen, frozen isopentene and liquid isopentane. Thus, the principle products ob-
served are labeled hydrogen, tritium labeled parent alkane, and other labeled degrada-
tion products.
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Table 1

Chemical Combination of Tritium from Irradiated Alkane -lithium Systems
{fo of total activity)

Irradiation Mixture -Methane

Active
Product

:}

Li2C03 LiF Li2S*l+H2 Best
Value

Ethane
LiF

39-1 38.2 39-3 39-1 1+1.7

1+7.6 49.4 I+8.9 1+8.6 5^

6.8 5.90 4.80 5-5 37=5

~o. 36 -0.31 ~o.3 -1+.0

K.ik 1+.27 1+.2 5-3

6.5 1.86 2.05 2.0 5.9

—0.30 -O.38 ~o. 3 -0.3

H2

CH4

C^e
C2H4

C3 Fraction
|

C4 Fraction >

C\ 4 Fraction I

Liquid carboxylic acids and recoil tritium from the nuclear reaction Li 6 (n,a:)H
3

also react in a similar fashion, yielding products that may he explained by a high-
energy fast displacement mechanism (3). An evaluation of the products formed, as shown
in Table II, leads to the conclusion that (a) a large percentage of the gaseous activity
is in the form of HT and is relatively higher for the normal acid than for the correspon-
ding iso-acid, (b) the activity in CH3T is about two to three times as great for the
branched chain acid as for the normal acid with the same molecular weight, and (c) the
hydrocarbon formed by decarboxylation of the parent acid is among tl 5 main gaseous
products.

Table II

Active Gaseous Products from Reaction of Recoil Tritium with Liquid Aliphatic
Acids (I2 Present, 5 x 10" 3 M)

Acid Irradiated, % of measured activity in

Tritiated Acetic Propionic Butyric Valeric Hexanoic
Product n. i. n. i. t. n. i.

Hydrogen 72.0 73 78.9 71.9 83 78 68 86 79

Methane 31.6 3.8 h.k 8.1+ 2.8 7.7 16 2-55 7.4

Ethane 13.5

Propane 6.6 6.0

i -Butane 2.1+ 11.2

n-Butane 3-1

i -Pentane 2.1

n-Pentane 1.7

°fo listed is computed from the observed activity in control runs where I2 is absent.

From these observations and other data presented by the authors (3) , the following
generalizations have been made: (a) the probability of a reaction of a given type of
bond is proportional to the number of bonds of that type, (b) attack on a C-H bond is

more probable than on a C-C bond, (c) attack on a C-H bond is more likely to yield HT
than labeled acid, a bias which is more pronounced in acids containing a large proportion
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of primary H atoms, and (d) attack on a C-C bond to form a labeled hydrocarbon is much
more probable at the more exposed terminal C-C bonds.

Additional studies have also been made on systems containing methyl alcohol, ethyl
alcohol, and acetone and recoil tritium generated by irradiation of either lithium
chloride or lithium nitrate ( 10) . It was found that all of the important non-gaseous
products could again be accounted for by a collection of displacement reactions between
the recoil tritium and the solvent being investigated.

SOLID PHASE
The tritium distribution among carbon-hydrogen positions in hexoses subjected to

recoil tritium reaction has been reported by Rowland and co-workers (11). It was found
that a large fraction of the recoil tritium can replace non-labile hydrogen in the
crystalline hexoses without causing any other permanent change in the molecule and
that the labeled, but otherwise unchanged, hexoses show wide variation in the specific
activity at the six different non-labile positions. In a related study (7)> it was also
observed that less than O.O^/o of the total tritium was found as labeled galactose in
irradiated crystalline glucose. This would suggest that the mechanism of tritium
incorporation involves only reactions proceeding with the retention of asymmetric con-
figuration.

An investigation involving substituted benzoic acids, in which the samples were
irradiated as dry powders thoroughly mixed with lithium carbonate as the tritium source,
has also led to some interesting results (12). In these experiments, the parent mole-
cules chosen were all substituted benzoic acids, such that the replacement of the sub-

stituent group by a recoil tritium would lead to labeled benzoic acid as the product.

After isolation and purification, the active benzoic acid from each irradiated sample
was treated, as shown in Figure 1, in order to determine the intramolecular distribution.

^^ PClt rf^ MH40H

02H

NaOBr
r^

0C1 C0NH2

I

OaNs

Acetic
Anhydride

COCII3

Br-V^-kBr

Figure 1. Degradation and substitution reactions of tritium-labeled benzoic acid.

These degradations showed that the tritium atom is predominantly found in the posi-
tion formerly occupied by the missing substituent, as in reaction 1.

T + -> T- C-OH + X (1)

Although in smaller amounts, the degradations also showed a significant amount of

radioactivity in other positions of the molecule, as in reaction 2.
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T + X-(\ A-C-OH > H-(\ A-P-OH + X (2)

X = NH2 , N02 , OH, COOH, F, CI, Br, I.

Although the mechanism of such a reaction is not known, it was postulated that the
observed products could arise from substitution of tritium for hydrogen at an adjacent
position, followed by an intramolecular hydrogen shift with displacement of the sub-
stituent group. The distribution is shown in abbreviated form in Table III.

Table III

Distribution of Tritium in Substituted Benzoic Acid

Irradiated Intramolecular Distribution of tritium in benzoic acid,

compound o m p

o-N02 82 10 8

o-OH 87 13

o-Br 89 7 k

m-N02 13 80 7

m-OH 10 82 8

m-Br 1 87 12

p-N02 3 19 78

p-OH 11 12 77

p-Br 6 22 72

GASEOUS PHASE

Probably one of the most extensive studies of the reactions of hot hydrogen atoms
with alkanes in the gaseous phase has been done by Wolfgang and Urch (6). As will be
shown, their work is in good agreement with that of other independent studies, and forms

the basis for what would appear to be the reaction mechanism of reactions involving hot
hydrogen. Once again, recoil tritium from the nuclear reaction He 3 (n,p)H3 served as

the source of hot hydrogen and small amounts of iodine and oxygen were used as radical
and ion scavengers to eliminate thermal products. It was further shown that the hot
products were insensitive to these scavengers and to temperature effects, and that the
presence of excess helium caused a sharp reduction in the yields of hot products. Thus,
it was established that the authors were dealing with hot hydrogen reactions and not
thermal reactions (13).

The experimental results (6), as summarized in Table IV, show that the major product*
of the reaction are HT and the tritium substituted parent hydrocarbon. As a matter of
fact, the sum of these was remarkable constant at 90 "£ 3^ with all other products
accounting for only 10 1" ^ of the hot tritium.
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Table IV

Summary of Product Distribution from Non-Cyclic Alkanes

(Relative to yield of labeled parent molecule)

Reaction T-Labeled Corresponding Molecule reacting with Hot Hydrogen
Type Product Replacement CH4 CaH6 /\ /\y ^>__ AA %_. _|_ aa/

I HT Abstraction 1.0 1.82 1,97 1.99 1-92 2.37 2.20 1.40 3.28

II Parent Molecule H atom 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

III Degraded alkane Alkyl Group --- 0.12 0. 15 0. 15 0. 17 0. 19 0.21 0.23 0.33

IV Methyl iodide Alkyl Group 0.12 0. 14 0. 06 0.07 0. 05 0. 08 0. 09 0. 09 0. 07

(initially + H atom
CH2T«)

IV Alkene Alkyl group +H --- 0.11 0. 08 0. 08 0. 09 0.10 0. 09-0. 05 0.12

(initially atom or 2 H
radical) atoms

V Rearranged and Unaccounted for --- -s»0. 03 .00 0.01 0.01 0.00 0.00 0.01 0.02

built-up pro-
ducts

It was further pointed out that all but a fraction of 1$> of the products could be
accounted for by several displacement processes. Using butane as an example, the types
of reactions found were as follows, in decreasing order of relative importance:

(I) Hydrogen atom abstraction. This reaction is the only one observed at thermal
energies. With hot hydrogen it occurs with a much higher collision yield (1^).

CH3CH2CHCH3
T* + CH3CH2CH2CH3 -> + HT

CH3CH2CH2CH2

(II) Hydrogen atom displacement to form the labeled parent alkane

CH3CH2CHTCH3
T*+ CH3CH2CH2CH3 •> + H

CH3 ( CH2) 2CH2T

(III) Replacement of alkyl group to form a degraded alkane.

CH3T + CH3CH2CH2*
T*+ CH3CH2CH2CH3 •> CH3CH2T + CH3CH2-

CH3CH2CH2T + CH3 *

(IV) Radical formation, which may proceed by two mechanisms.
(a) By displacement of two hydrogen atoms or an alkyl group and a hydrogen atom.

CH3CH2CH2CHT- + 2H
T*+ CH3CH2CH2CH3 >

CH3CH2CHT« + CH3 ' + H

(b) By displacement of a single atom or group, leaving the primary product with
sufficient excitation energy so that it subsequently decomposes

T*+ CH3CH2CH2CH3 -> CH3CH2CH2CH2 T* + H

U CH2TCH2CH2' + CH3
'
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In an earlier study (15) > concerning only gaseous methane and ethane, the above
results were fairly veil substantiated in that HT and the labeled parent were the main
products and smaller amounts of higher tritium labeled hydrocarbons were formed. Once
again, the presence of iodine as scavenger had no effect on the yield of the parent
compound, but did eliminate the higher hydrocarbons. This may be interpreted as

indicative of a high-energy one -step displacement reaction as the primary reaction,
the higher hydrocarbons being a result of secondary processes in which some of the
labeled products of the primary reaction reach thermal energies as radicals.

In still another study concerning gaseous alkanes, namely, methane, ethane, and
propane, the effects of scavengers such as ethylene and hydrogen were ascertained (l6).

The results, as reported in Table V, are again consistent with the previous data dis-
cussed. The reduction in the HT yield may be ascribed to the fact that the reaction
for thermal tritium atoms,

C3K4 + T -> Cah^T,

may compete effectively with abstraction of hydrogen,

T + CH4 -> CH3 + HT.

That the yields of the labeled parent compounds ethane and propane are not affected
by the addition of ethylene is fairly good proof that these products are formed
entirely by hot displacement reactions. The increase in the propane yield from
methane is probably due to the reaction of C2H4T with methyl radicals, and the increase
in the yield of butane in all three cases is due to the reaction of C2H4T with ethyl
radicals.

Table V

Tritiated Products of the He 3 (n,p)T Reaction in Methane, Ethane, Propane
and Ethylene 8,

System
1

Methane Ethane Propane
1

+ 4.5 cm. + 4, 5 cm. + 5.0 cm.

Product Methane Ethylene Ethane Ethylene Propane Ethylene Ethylene

Hydrogen 51 28 60 36 61 41 16

Methane 33 2k 3 2 3 3 0.2

Ethane 7 6 25 26 2 5 2

Ethylene 3 4 3 ^
Propane 3 14 5 8 26 25 2

Isobutane 1 0.2 2 trace

Butane 1 19 4 20 1 11 16

> C5 4 5 3 3 5 13 10
a
The numbers reported are fo of the total observed activity.

Gaseous alkenes have also been studied by Wolfgang and Urch (17, 18) , and it was found
that a reaction mechanism similar to that of the saturated system could also be applied
in cases of sp2 C-H bonds. That is, a fast single-step displacement mechanism, not
involving a common intermediate, could be invoked to explain the hydrogen displacement.
The experimental results showed that this reaction of hot hydrogen atoms to replace
hydrogen atoms in cis and trans dichloroethylenes proceeded with 7Q^> retention of the

original configuration. The isomerization that did occur was attributed to rotation
about the double bond of product molecules excited in the primary displacement.
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STEREOCHEMISTRY
The possibility that the reactions of recoil tritium proceed with retention of

configuration has been previously mentioned in the case of glucose in the solid phase

and alkenes in the gaseous phase. Further studies (19) on crystalline L(+) alanine also

indicated that the substitution of tritium for hydrogen proceeded with retention. How-

ever, in order to rule out the possible direction effects present in the solid phase, the

possible solvent effects in an aqueous phase, and the effect of unsaturation in the case

of gaseous alkenes, a system need be chosen in which all these effects are absent.

Such a system (20) has been employed, and the results confirm these earlier findings.

The system chosen for study was the displacement of the hydrogen atom bonded to the

asymmetric carbon in optically active 2-butanol,

T* + CaH5CHOHCH3 "> C3H5CTOHCH3 + H

and the experimental procedure, as shown in Figure 2, was followed.

CH-

CaH5

\
CII*.

CHOH
CsflsT

A
ch!

CHOH \CHt)H

cnt

Irradiated either d or 1

isomer with hot tritium

Cans'

(1) Purify by gas
chromotography

(2) Remove hydroxyl
tritium by exchange
with cotton (washed
in methanol and

dried)

^CHOH
CaH£

(1) Add excess dl carrier

(2) Resolve by fractional
crystallization of the
brucine salto

T"
d 1 portion

*
1 portion

>P
— ———-

—

d portion
~

I

'

Remove hydrogen at asymmetric carbon by Oppenauer oxidation, in which the 2-butanol
would be oxidized to butanone by benzophenone, which is reduced to the benzhydrol:

( CsH5 ) a-CH-OH ( CeH5 ) 2-CH-0H (

C

6H5 ) 2-CH-0H

Figure 2: Experimental method (Radioassays were performed following each step in the

procedure)

.

There are three distinct possibilities concerning the stereochemistry of such a

reaction, namely: (a) retention of configuration, which would involve a direct dis-
placement in which the hot hydrogen collides directly with the hydrogen and displaces
it without disturbing the configuration of the rest of the molecule; (b) inversion of
configuration, which would involve displacement on carbon with Walden inversion; and

(c) racemization, which would involve displacement via a metastable intermediate. The

experimental results show that there is 91 1"
@f° retention of configuration for dis-

placement of the hydrogen atom directly bonded to the asymmetric carbon. Thus, the
presence of a mechanism involving a fast, localized, one-step displacement reaction is

indicated. However, the optical purity of the samples involved should be considered,
since the resolution of the dextro and levo portions and subsequent purification steps

resulted in*v97^ optical purity for the dextro isomer and only ~8C^ optical purity

for the levo portion. Such levels of purity would not rule out the possibility of

contaminents or mixtures of isomers, factors which could weaken the conclusions,

MECHANISMS
There are three mechanisms that have been advanced to explain the observed dis-

placement reactions that recoil tritium undergo. The mechanism of Willard and co-

workers (21), which involved an attack by a tritium ion to form stable tritium labeled

compounds may be discounted on the bases of energy considerations (22). That is, the

tritium ion is always neutralized by the time it is reduced to a kinetic energy of

a few hundred ev, an energy which is probably too high for the formation of a permanent
chemical bond.
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The second mechanism proposed is that of Rowland and co-workers, and is based on
extensive studies made on gaseous aliphatic alkenes and alkanes (2J) and on gaseous
cyclopropane (2^-, 2.5). A review of their experimental results reveals good agreement
with that of Wolfgang (6), in which a one-step reaction was used to explain the observed
products. However, it was felt by Rowland (25) that the data could best be explained by
postulating that the replacement reactions of recoil tritium involve the initial forma-
tion of a short-lived ("\10

9 second) transition complex composed of the tritium recoil
atom and all of the previously bonded substituents. This complex could then decompose
by breaking one (or more) of these bonds, often leading to a stable molecule as a re-
sult. Such a system could be depicted in the following manner:

HT + RCH2 * (5)

> CH2TR + H * (6)

T* + CH3-R —> (CH3 RT)'

> CH3T + R •
(7)

CH3R + T • (8)

Paths (5) and (6), i.e., formation of HT and the labeled parent molecule, were found to
be the main reactions. As is pointed out, no details are known concerning the geometry
and bonding involved in the proposed complex, although it was stated that equilibration
of energy among the vibrational co-ordinates of the complex does not occur. Such a
mechanism would not fully explain the retention of configuration that has been noted in
these displacement reactions (20).

The final mechanism to be discussed is one that has been referred to in this seminar
as a "fast, high-energy, one-step reaction" and has been labeled by Wolfgang (6) as the
"Impact Model. " A review of the data presented to date, affords the following points
pertinent to this mechanism: (a) hot reactions may be distinguished from thermal reac-
tions quite readily; (b) the principle products observed in the displacement reaction are

HT and tritium labeled parent alkane; (c) attack on a C-H bond is more probable than on a

C-C bond; (d) hydrogen displacement reaction proceeds with retention of configuration;

(e) gaseous alkenes may also undergo this fast displacement; and (f) all but a fraction

of the products can be accounted for by several displacement processes. It should

also be noted that the recoil tritium will possess ample energy at reaction time to

allow almost any process, so that considerations of energy economy are not of im-

portance.
Since energetics is not involved and since Wolfgang felt that a quasi -equilibrated

complex was not present, he suggested that stereochemical factors must play an important
role in determining the products. Thus, the data on retention of configuration suggest
that to react with a bound hydrogen the incoming hot hydrogen must approach within a
wide cone about the C-H bond axis. If, however, the approach is directly along this
axis, displacement could not occur as it would be difficult to juxtapose the position of
the hydrogen and tritium atoms. Wolfgang (6) tentatively concludes that hot hydrogen
attack at small angles in a narrow cone about the carbon-hydrogen bond axis normally
leads to abstraction, whereas approach at larger angles is required for displacement
(see figure 3). Ejected H

T

0> :^t@H 0->
T " CH3R

a) H atom abstraction. b) Displacement of H atom.

Figure J: Stereochemistry of the abstraction and displacement of hydrogen from an
alkane

.

As is pointed out, this fast, direct displacement involves a time interval of the order of
10~ 14 sec. , a time required for one bond vibration or for a hydrogen atom in the ev.

range to traverse 10~8 cm. Since this lifetime is so short and since the excess energy

of the hot hydrogen atom is transferred only to the one or two bonds actually struck,

the geometry of the participating compound will determine the products that are formed.
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In a recent communication (26), Wolfgang elaborated on this Impact Model on the
bases of studies carried out on the halomethanes and hot hydrogen. Using the fluoro-
methanes as examples, as shown in Table VI, it is seen that while replacement of fluorine
by tritium is quite probable in fluoromethane, it is much less so in difluoromethane, and
almost non-existant in trifluoromethane and tetrafluoromethane. On the other hand,
replacement of hydrogen by tritium changes much less within this series.

ilable VI

Jingle A1:ora . Displacement by Hot Tritium in Fluoromethanes
Di splacement of H Displacement of F

1

Product Yield %* Yie

1

Id/C-H bond

1

Product Yield, <?o*

I

Yield/C-F bond

CH3T 28.0 7.0 -- -- --

CH2FT 12.7 k.2 CH3T 5-3 5-3
CHF2T 5-8 2.9 CK2FT 1.6 0.8
CF3T 2.9 2.9 CHF2T 0.7 0.2
-- -- -- CF3T 0.3 0.1

Reacting

Fluorocarbon

CH4
CH3F
CH2F2
CHF3
CF4

^Relative to total T reacting.

Wolfgang attributes these differences to inertial effects. That is, competition for
capture of the hot atom is controlled by the availability of a strong bonding orbital
within the time of collision, where this is governed by the inertia of the substituents
on the central atoms.
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THE RECENT CHEMISTRY OF ORGANIC ISOCYANATES

Reported "by D, McKay- January 8, 1962

Although organic isocyanates have been reported in the literature since about 1850,
a large increase in interest and literature has occurred since World War II, when the
first industrial applications were discovered in the United States, Britain, and
Germany ( 1)

.

A number of reviews of isocyanate chemistry have appeared (2, 3; k } 5) • This
seminar will discuss some of the synthetic methods, reactions, and uses of isocyanates
which have been developed since the last review article was written and will conclude
with a resume of the studies done on the infrared spectra of various isocyanates.

Isocyanates may be considered to be resonance hybrids of I, II, and III. Reactions
of these compounds generally involve an attack by a nucleophilic center upon the electro-

R-N=C=0
« 9

R-N=C-0

II

«-*
9 ®

R-N-C=0

III

philic carbon atom of the isocyanate. Generally speaking, any electron-withdrawing
group attached to the -NCO function will increase the electrophilic character of the
isocyanate, thus increasing its reactivity toward nucleophilic attack, whereas electron-
donating groups will correspondingly decrease the reactivity. These considerations
neglect steric effects, which can also play an important role in isocyanate reactivity.

SYNTHETIC METHODS
The most general methods for the preparation of isocyanates prior to 1957 were a)

the reaction of phosgene with amines, b) the Curtius rearrangement, involving the
decomposition of acid azides, c) the Lessen rearrangement, involving the dehydration
of hydroxamic acids, and d) double decomposition reactions between organic halides or
sulfates and salts of cyanic acid. These methods have all been reviewed (k, 5) and

will not be discussed further here. It should be mentioned, however, that the phos-
genation of amines is still the most common industrial method of isocyanate synthesis.

Feuer and co-workers have recently prepared a number of alkyl isocyanates by
ozonolysis of the corresponding isocyanides (6). Using this method, ethyl-, iso-
propyl-, n-butyl-, n-hexyl-, and n-octyl isocyanate were prepared in yields of 7-73^?

(Table I). The lower molecular weight isocyanides gave the poorest yields, presumably
due to the high volatility of these compounds. This appears to be a practical method
for the synthesis of higher molecular weight isocyanates, and the yields of isocyanate
in the case of the more volatile compounds could probably be improved by increasing the
ozone concentration, thus decreasing the time required for reaction.

Isocyanide

Ethyl
Isopropyl
n-Butyl
n-Hexyl
n-Octyl

Table I

Ozonolysis of Isocyanides

Moles3 used Moles °3 used

0. 105 0. 10
0. lA-3 0. Ik

Oo 127 0. 13
0. 121 0. 15
0. 081 0. 25

Isocyanate,

% Yield
""

7.1
3^

37
55
73.5

Low boiling isocyanates may be synthesized by taking advantage of the equilibrium
reaction between isocyanates and di- and tri- substituted ureas (7)°
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R-NH-CO-NH-R' + R"-NCO ^ R"-NH-CO-NH-R ' + R-NCO

R-NH-CO-NH-R + 2R"-NC0 ^ R"-NH-CO-NH-R" + 2R-NC0

R" R"XN-CO-NH-R + R'-NCO ^ ^N-CO-NH-R' + R-NCO
R n "

R
M"

In the above equilibrium equations R 1 and R" may be aliphatic, alicyclic, or aromatic,
and R-NCO represents the volatile isocyanate which is removed from the reaction mixture
by distillation. The isocyanates used as the reactants must be non-volatile and are
usually the commonly occurring, easily obtainable ones.

Various alkyl and aryl isocyanates have been synthesized by Mukaiyama and Nohira (8),
who allowed hydroxamic acids to react with ketene dimer and then pyrolyzed the resulting
acetoacetyl hydroxamates.

R-CO-NHOH + CH2=C R-C0-NH-0C0-CH2-C0-CH3

CH2-C=0 |^350-i+oo

R-NCO + CH3-CO-CH3 + C02

The first step in the mechanism of this reaction is the opening of the (3 -lactone ring
of the dimer by the hydroxamic acid, followed by decomposition of the cyclic aceto-
acetyl hydroxamate.

CH2
CH3-C ^-V-n CH3-C=CH2

^ C=0
~"J

]
~"^ + C02 + R-NCO

V ?6 —

>

|

0H

R-C=0

H
^N CH3-CO-CH3

Table II shows the yields of isocyanates obtained from the pyrolysis of various aceto-
acetyl hydroxamates.

Table

Isocyanates Obtained from Pyrolys:

Acetoacetyl Hydroxamate

II

Ls of Acestoacetyl Hydroxamates

Isocyanate,
( R-C0-NH-0C0-CH2C0CH3 )

R=CH3(CH2) 4 -

^6H5CH2-

CqHs-
p-CH30C 6H5 -

P-CH3C6H5-
p-ClCeHs-

% Yield

36
63
67

71

5^

REACTIONS WITH HETEROCYCLIC COMPOUNDS
Enamines have been shown to react by nucleophilic attack of their {3 -vinyl carbon

atom on an electrophilic center (9). The reactions of l-(N-pyrrolidino) cyclohexene IV
with ethyl and n-butyl isocyanates and of l-(N-pyrrolidino) cyclopentene V with n-butyl
isocyanate were studied by Clemens and Emmons (10). In both reactions the products
obtained were solids and could be characterized. The products were assigned the structure
VI on the basis of analysis and neutralization equivalent. It was further found that
VI could b# hydrolyzed readily by dilute acid to the corresponding ketone VII, which
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+ R-N=C=0

VI

could in turn be hydrolyzed under more vigorous conditions (5<$ H2S04 ) to cyclohexanone.
That VII was indeed a ketone was shown by infrared absorption in the region 1705-1711
cm.

x and by reaction with 2,^-dinitrophenylhydrazine. The ketone obtained from the
product of enamine V showed infrared absorption at 1750 cm. 1

J characteristic of five-
membered cyclic ketones (11).

VI
H20,

H
+

VII

5C$ H2S04
> O

Clemens and Emmons did not indicate, however, why the reaction of IV (or V) with
isocyanate stopped after consuming only two moles of isocyanate per mole of enamine.
Also, since the structure proof of VI consisted only in the results of analysis,
neutralization equivalent, and hydrolysis products, a structure of the type VIII was
not ruled out.

R

VIII

Berchtold (12) repeated the work of Clemens and Emmons and found that the product
obtained from the reaction of IV with n-butyl isocyanate yielded, upon mild hydrolysis,
a ketone which was identical to the product of the reaction of 2,6-dicarbomethoxy-
cyclohexanone with n-butylamine and must therefore have the structure IX (R=n-Bu)

rather than VII (R=n-Bu).

IX

It had been shown previously that the reaction of 2,6-dicarbomethoxycyclohexanone with
amines yields diamides of type IX (13)' Reactions using other cyclohexene enarnines

and isocyanates were also found to give products of type IX; in each case the product
obtained was identical to that obtained from the reaction of 2,6-dicarbomethoxycyclo-
hexanone with the corresponding amine.
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When organic isocyanates are heated with ethylene carbonate at 70° in the presence
of a catalytic quantity of a tertiary amine, a crystalline product X can "be isolated,
which decomposes upon further heating to 130° to give a 3~ substituted 2-oxazolidone
XI in high yield (14). Irom chemical analysis X was found to be an adduct of isocyanate

R-NCO + CH2—0^

/
:c=o

70°.
x

130C R-N-

CH2—

and ethylene carbonate in the ratio 3:1.

CH2
\/
CH2

c=o

i
XI

On treatment with dilute acid X gave a tri-
substituted isocyanurate XII. The infrared spectrum of X contains all the principal

X
HpO

.

R
\

H
.+

N /
XII

R

peaks of XII and ethylene carbonate and contains no new peaks, X gives a distinct
x-ray diffraction pattern, different from that of ethylene carbonate or XII. It is
believed that X is actually a molecular complex of isocyanurate and ethylene carbonate;

X

CH2—O^

CH2—
=0

however, no direct evidence has been given to substantiate this belief. Molecular
weight determination of X (R=C 6H5 ) gave a value of 230, which is only about half that
calculated for the formula 3 C6H5NCO • C3H4.02 ; this would tend to indicate that X may
not be a molecular complex of the type shown, but Tsuzuki and co-workers have explained
the discrepancy on the basis that the isocyanurate XII decomposes under the conditions
of the molecular weight determination (1^). Work is continuing on this phase of
isocyanate chemistry.

In the study of reactions of isocyanates with epoxides, it was found that attempts
to allow phenyl isocyanate to react with ethylene oxide, propylene oxide, styrene oxide,
or epichlorohydrin in the presence of a tertiary amine catalyst resulted in the tri-
merization of the isocyanate to give XII (R=C6H5 ) rather than in the formation of the
expected N-substituted-2-oxazolidones (15)» No reaction at all occurred in the absence

NCO A
+ R-CH-CH2

R'aN
N-

JH

i

=0

of the catalyst. However, Weiner (l6) has isolated 5 -Pnenox;yme'thyl-3-phenyl-2-
oxazolidone XIV in kj/o yield from the reaction of phenyl glycidyl ether XIII with
phenyl isocyanate, using benzyldimethylamine in catalytic quantity.
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r^VOCHaCH CH2u + Or
NCO

R3N
C6H5OCH2CH—CH2

XIII

160°

17 hr.

Q CpJIc

H2
XIV

C©H50CH2-CHOH-CH2-NH-CeH5 XV

The structure XIV was assigned on the "basis of its hydrolysis to an amino alcohol XV.

XV was also obtained in the reaction of phenyl glycidyl ether with aniline. Weiner
has assumed that the nucleophilic attack on the epoxide ring occurs at the primary
carbon atom. This is usually the case in epoxide reactions which are carried out in
the absence of acid (17* 18) 5 however, no attempts were made to prove that the pro-
ducts obtained were in reality XIV and XV and not XVI and XVII, the products resulting
from attack on the secondary carbon atom of the epoxide ring.

C6H5-0-CH2-CH

XVI

CsH5 -OCH2-CH -CH2OH

C6H5 -Iffl

XVII

The reaction time for the conversion of XIII to XIV was seventeen hours (l6).

When this time was considerably reduced, the yield of XIV was less and some of the
phenyl isocyanate was recovered as its trimer, triphenyl isocyanurate. It was also
found that a mixture of catalytic quantities of phenyl glycidyl ether and benzyl-
dimethyl amine trimerized phenyl isocyanate nearly quantitatively.

These findings indicate that the reaction proceeds through a rapid equilibrium
between isocyanate and trimer, followed by a slow reaction between the epoxide and
isocyanate.

In other work, Speranza and Peppel have found that tetraethylammonium bromide
is a good catalyst for the reaction of isocyanates with epoxides (19)- These workers
isolated 3-phenyl-2-oxazolidone XIX in 92^> yield from the reaction of phenyl isocyanate
with ethylene oxide and did not report any triphenyl isocyanurate formed. They
postulate that the mechanism for the reaction involves opening of the epoxide ring
by the halide ion to form the anion of the corresponding halohydrin XVIII, followed
by addition of the isocyanate.

.0

Br
9

+ CH2 CH2 iH2-CH^r
(WC0

>

XVIII

C6H5-K-C-0

l3r-CH2-CH2

V
C6H5-N

G

+ Br
9

XIX

However, an alternative mechanism, in which the halide ion first adds to the isocyanate,

followed by opening of the epoxide ring, is also possible. No concrete evidence has
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been given to support either of these mechanisms.

Br
G

+ C6H5NC0 > C6H5 -N.t.C.t.O

ir

C«H=-N C=0
+ Br

9

XIX

Ethylene bromohydrin is known to react with phenyl isocyanate to form the corres-
ponding urethan in 86% yield (20); this does not eliminate the mechanism postulated
by Speranza and Peppel, however, since the conditions used for urethan formation (re-

fluxing hexane) are much milder than those used in the formation of the phenyl oxazoli-

done (200°, 190 p. s.i.g. ) } and it is likely that any urethan would be destroyed under
the more drastic conditions.

The reaction of phenyl isocyanate with p-propiolactone XX in the presence of a
tertiary amine catalyst was found to yield a mixture of N,N' -diphenylurea, acrylic
anhydride, and acrylanilide (21). It has been shown that j3-propiolactone reacts with
tertiary amines to produce betaines XXI (22). The mechanism for the amine -catalyzed
reaction of p-propiolactone with phenyl isocyanate, therefore, is thought to proceed
through betaine formation in the first step, followed by electrophilic attack of the
isocyanate on the carboxylate ion of the betaine to form a Zwitterion type of inter-
mediate XXII. The Zwitterion can then eliminate the tertiary amine and form the mixed
anhydride of acrylic and phenylcarbamic acids XXIII. XXIII is unstable and decomposes
to yield the observed products.

CH2-CH2

i_i + NR3 R3N-CH2-CH2-(^°Q
CgH5NC°> R3N-CH2

jj

XX XXI
CH2 N)

*i

J6%
XXII

XXII -> NRq + CH2

V
e^h

^

XXIII

C6H5 -lffl-C0-NH-C6H5

+

co2

CH2=CH-(f

CH2=CH~CL

CeH5NH-CO-CH=CH2
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USES OF ISOCYMATES
Before World War II isocyanates were of little interest industrially. The first

commercial application was the development of a British rubber (l). Since then, many
uses for these compounds have been found, including use in photographic film (23) ,

varnishes (2k) and lacquers (25), lubricating greases (26), and adhesives (27).

Readily available isocyanates such as phenyl-, a- and p-naphthyl-, and p-nitro-
phenyl isocyanate have been used for some time as standard methods of characterizing
alcohols and amines by formation of urethans and ureas, respectively (28). Recently,

Johnson, Kreyssler, and Needles have used 3-bromopropionyl isocyanate to characterize
over fifty different alcohols by the formation of the corresponding 3-bromopropionyl
urethans (29). P-bromopropionyl isocyanate seems to possess an advantage over the more
common isocyanates in that it may be prepared from N-bromosuccinimide, a readily
available, stable starting material (30, 31)' The alcohol to be characterized may be
added directly to the N-bromosuccinimide reaction mixture without isolation of the
3-bromopropionyl isocyanate.

Isocyanato esters have been used extensively as solubilizing agents (32). The
method consists of treating an alcohol or amine, normally insoluble in water, with an
isocyanato ester to form the corresponding urethan- or urea-ester. The ester is then
hydrolyzed in base to form the water-soluble sodium or potassium salt of the acid. The
urethan or urea linkage is generally much more stable to hydrolysis than the ester

ROH + OCN-CHR'-COOR" > ROCO-NH-CHR 1 -C00R"—> ROCO-NH-CHR' -COO
9

RNH2 + OCN-CHR'-COOR" * RNH-CO-NH-CHR' -C00R" > RNH-CO-NH-CHR' -COO®

function. This method of solubilization has been applied to long chain alcohols, amine:

acids, and sterols (32).

INFRARED STUDIES
Most organic isocyanates show very intense infrared absorption near 2270 cm. x

(33)- Hoyer has made a study of over forty isocyanates and has found that they absorb
in the region 227^-2242 cm. " (3^)- Both alkyl and aryl compounds abosrb in this
region, and no distinction between conjugated and non-conjugated compounds is evident

(35)- The absorption around 2270 cm. -1 is due to the asymmetric stretching mode of
the N=C=0 group. The symmetric stretching mode occurs near 1350 cm -

1
, but there is

only very weak absorption, and since this area is masked by methyl and methylene ab-
sorption it is not useful for isocyanate characterization. Nitriles also absorb in

the region near 2270 cm. 1
, but generally these occur at slightly lower frequencies,

and the intensity is always much less than that of isocyanates.
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SOME ASPECTS OF THE CHEMISTRY OF PYRIDOXAL

Reported "by K. R. Fountain January 15, I96X

Pyridoxal (I) or vitamin B6 , was isolated from rice "bran by Harris (1, 2) and
others in 1939* and its structure shown to be (I) by ultraviolet spectroscopy and total
synthesis. The structure, (3, h, 5) and synthesis (6, 7) have been confirmed and
summarized. This paper deals with the role of pyridoxal, pyridoxamine, and their
analogs in transamination, elimination, and cleavage reactions proceeding through the
intermediacy of a Schiff base. The scope of the interaction of pyridoxal with amino
compounds has been reviewed elsewhere (8, lk) .

Snell (9) in 1939 proved the interconversion of pyridoxal (I) and pyridoxamine (II)

in deamination and transamination reactions.

;ho
hoch2 x joh

I

HOCH

4- a-aminoglutaric acid

PHsNH2m
+ OJ-ketoglutaric acid

This reaction involves the phenolic hydroxyl group and not the hydroxymethylene
group as was shown by Snell and Metzler (21). An analog, 3-methoxypyridoxal, does not

catalyze transaminations, etc. , but removal of the 5-hydroxymethyl group, as in 2,5-
dimethyl-3-hydroxypyridine-4-aldehyde, does not prevent transamination. Reactions
similar to those catalyzed by pyridoxal are catalyzed by 4-nitrosalicyladehyde (22).

In all these cases it was found that some transition metal ion was an obligatory catalyst

(29). Heyl, Harris and Folkers (12) reported the isolation of a Schiff base, III, from
the interaction of an amino acid salt with pyridoxal.

HO
CH=N-CHRCOOK

PIOCH2 XT OH

+ RCHCOOK

^N^CH^ NHp

HOCH2 OH

^N^CH

III

A general mechanism accounting for these data was proposed in 195^ by Snell (11,
13). a

9
R-CHCOO

I iM3

HOCH2 2
H° .0°

M

^ H ,'jc

R'rCfC=0

0CH2 jc
H\

-H

-H20
i

+H
V

+H2O

^-H2
0~

R-C-COO

M

HOCH
H2MH2

"
o©

M is a multipositive metal ion.

A consideration of the paths for the amino acid moiety to dissociate leads to an
explanation of the known reactions of amino acids with pyridoxal, and the reactions of
keto acids with pyridoxamine. Case (a), the release of a proton from the a-carbon of





-l58-

the amino acid, would lead to creation of a nucleophilic center at either the original
OJ-carbon or the formyl carbon as shown in IV -> V. The general deamination case is

illustrated ?-s "ollows:

HOCII

HOCH2

VI

.0

1 yN>M4

KOCH;
II

-

II

+H^0

-HpO

+ HOCH^

V

HOCII.

R-C-C

fW
II-

^n^x:h3

R-C-C00
9

II

+

H2q9

H

+H

-H

+ M

Transamination logically takes place when a keto acid, which is different from that
produced by deamination, is placed in the reaction mixture.

Elimination can occur by elimination of a Y portion, where Y is any good leaving
group and is adjacent to the amino group. These reactions are typified by elimination
of OH from serine (15, 16) . The elimination scheme follows:

,9

KOCH

Y

R-C
I

H

/—

c

IT

//\
HC M'

R-CHp-C-COO
9

hydrolysis +

HOCH;

+ M + im<

^SUKXJH;

HOCII

i

VII

^k"\ch<

VIII

2
x

Q
e

The release of a carbonium ion by path (b) would result in glycine formation along
with a carbonyl moiety. This type of reaction is known and is typified by threonine
cleavage to glycine and acetaldehyde by pyridoxal and metal salts (lo, 17)

.

Path (c), release of COOH , is known in cases of decarboxylation of an amino acid
to form the corresponding amine. One such case is the decarboxylation of histadine to
histamine with pyridoxal (18).

Confirming evidence for the formation of Schiff base intermediates was furnished
by Metzler (19), who treated solutions of valine with pyridoxal and obtained the spectra
in Figs. 1 and 2. The presence of isosbestic points in the figures suggests an equilibrium
between pyridoxal and its imine product with valine. The band at klk mu. is assigned to
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the imine by virtue of its similar position to bands at 4l0 mu characteristic of sali-
cyladimine s (20).

Figure 1

Absorption of Pyridoxal in Decreasing
Valine Concentration at pH 7« ^-^i

rH
o
s

Figure 2

Absorption of Pyridoxal-Valine Imine
in Solutions of Various pH
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Pyridoxal (2 x 10'"4M) in 0. 5 M
valine. Numbers give pH values.

Numbers beside curves give
valine cone, in Vj/lAtev.

Arrows give isosbestic point
values in mu.

The "spectra at pH values above 8 show very little unreacted pyridoxal and the extent
of reactions may exceed 95$ in imine formation above pH 8. The variations in the higher
pH curves are due to the anionic Schiff base form Xc. The proposed reaction scheme follows:

H
I

-C-0H

H
I

C=0

CH;
J^

H0CH;

H

IXa

R-CHC00

NH3

-H2O

-m

6 COO
I

N-CHR
H-N-CHRC00

9

JH II

H20H

\N^CH
H

IXb

\
CIIpOH

CH/^N^ CH< ^N^

H
I

RC-C00
NCHRC00
\\

CH
CHpOK

H0CH2

CHs^N^

The hemiacetal form of pyridoxal
has been shown to exist in aqueous 9
solution at all pH values by Snell and

Metzler (21). This has been confirmed
and discussed in detail by Martell
(22). The hemiacetal charged species,

XIa, the form in acid solution, absorbs
at 288 ima while in neutral solution
bands appear at 317 mM- belonging to the Xc
neutral dipole IXa, and at 390 mu cor-

responding to free aldehyde, IXb. The intensity of the band at 317 KU shows that form
IXa predominates in neutral solution. The equilibrium scheme for aqueous solution
follows:

Xd
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302 mu

240 mu

^nN^CH-XIa 288 mu
230 mu

IXb 390 mu XIc 390 mu

The pK values for the dissociating moieties in pyridoxal were calculated from spectral

data on buffered solutions of pyridoxal. Table 1 gives pK values for several 3-hydroxy-
pyridines.

Table 1

pK Values for Various 3-Hydroxypyridines (21)

Compound pKj. pKa pK3

3-Hydroxypyridine 5- 10 8. 60
Pyridoxamine 3. 31 7. 90 10. 4

Pyridoxal 4.20 8.66
4,5-Hydroxymethyl-3-hydroxy-2-

methyl pyridine (Pyridoxine) 5-00 8.96
O-Methylpyridoxal 4.75
3-Hydroxy-2,5-dimethylpyridine-4-aldehyde ^.17 8, l4

Assignment of specific pK values to definite groups can be made on the basis of

spectral shifts. In this manner the pKi of pyridoxine (pK=5.00) has been shown to be
due to the ionization of the phenolic group by comparing the spectrum of the N-methylated
derivative of pyridoxine to that of pyridoxine itself (23). This ionization causes a
"red shift" in absorption from about 290 mu. in acid to 324 mu in neutral solution. This
is similar to shifts accompanying ionization of phenol, +17 mu (24). The dissociation of
the pyridinium proton is associated with a shift of -14 mu. in the dipolar form of
pyridoxine.

By this reasoning the pKi=4. 20 is assigned to the phenolic group of pyridoxal
while pK2=8. 66 is assigned to the pyridinium group. The spectral changes are consistent
if the 317 niu band in neutral solution is assigned to the dipolar hemiacetal form in

analogy with the 324 mu. band of pyridoxine.
Schiff base formation between amino compounds is seen to be somewhat complicated by

hemiacetal formation. This is brought out in Table II.

The catalytic effect of metal ions on reactions of amino acids and pyridoxal has
been discussed by Snell and Metzler (10, 29). The effect of metal ions has been ration-
alized by proposing that they promote transamination by chelating with the Schiff base
(11, 14) . Presumably this chelation would stabilize the transition state for formation
of deamination products. Evidence for such a chelated complex was forthcoming in the
studies of Dawes and Eichhorn (26). These workers showed that mixtures of nickel-
pyridoxal-alanine solutions gave bands at 940 mu. which were not due to any simple amino
acid chelate with a metal ion.
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Table II
Stability Constants of Schiff Bases of Pyridoxal and Pyridoxal-5-phosphate

Reactant

Glycine
Alanine
Glutamic Acid
Ethanol Amine
Serine
Leucine
Isoleucine
n-Amylamine

Pyridoxal-5-phospI'ate (2^)
K x 1C

~^

0.973
0.576
0.75

2.64
1.80
5.40
1.73

Temperature 25°

K = [Schiff base]

Pyridoxal (19)
Reactant K x 10"'

Glycine 0.1
Alanine 0.09
Glutamic Acid 0.18
Ethanol Amine 0.31
Serine 0.11
Leucine 0.31
Isoleucine 0.55
n-Butylamine 0.83

[Amino Cpd. ] [Pyridoxal or 5-phc-sphate]

The same workers showed that spectra of the reaction mixture between pyridoxamine,
nickel, and pyruvic acid gave results identical to that of pyridoxal, nickel and
alanine.

Some of the Schiff base -metal ion chelates have actually been isolated and analyzed,

the carbon, hydrogen, and nitrogen being, within experimental error, correct in each
case (26, 27, 28).

The questions which should be considered in discussing chelation of such Schiff
bases with ions and the subsequent transamination, etc. , reactions of the complexes are
as follows: a), Are the metal chelates actually necessary intermediates in aqueous
solution or does the metal ion merely shift the Schiff base-pyridoxamine equilibrium by
complexing with pyridoxamine; b) if the chelates are necessary intermediates what
is the function of the metal ion; and c) , how is the metal attached to the Schiff base?

The first question is easily resolved. If the metal removes pyridoxamine in a

deamination reaction and unchelated imine is the only necessary intermediate, then it

would be expected that no possibility of retention of optical activity would exist in
transamination reactions. Such optical activity has, however, been observed in the
products of transamination reactions catalyzed by pyridoxal and metal ions (13) > thus
necessitating an asymmetric intermediate capable of producing an excess of one
enantiomorph of optically active acid.

The function of the metal can be thought of as the following: a) It can act to
displace a proton from the aminium group of the amino acid zwitterion; b) it can
promote formation of the transition state for decomposition to products by guaranteeing
coplanarity of the it bond system; c) it can labilize the CH-hydrogen of the amino acid
by an inductive effect.

The present evidence does not allow a clear-cut. decision concerning the first point,
preliminary displacement of a proton from the amino acid. Complexes of amino acids
with the metals in question do form, but, as this is an equilibrium phenomenon, it is

difficult to affirm that these complexes and not some forms of the free amino acids
are the reacting species in Schiff base formation.

Coplanarity of all of the jt bonds may not be necessary for reactivity, as pointed
out by the data of Christensen (30). Alkylation of the phenolic oxygen in pyridoxal
results in a shift of the pyridinium pK to a value near that for pyridine alone, pK =

4.75 (21) (Table 1). This is also true of 3 -methoxypyridine -K -aldehyde (21), as the
pK of the pyridinium dissociation in this compound is about 4.5- Thus, if bonding in
a Schiff base chelate occurs through the phenolic oxygen the resulting pK for dis-
sociation of the pyridinium group should be about normal for pyridine. In the case of
copper-valine -pyridoxal 1:1:1 chelate and of Fe (III) - valine -pyridoxal 1:2:2 chelate
this found to be true as the pK values are 5-6 and about $.h respectively. With
HI (II), Mn (II) and Fe (II) valine -pyridoxal 1:2:2 chelates there is seen no such
downward shift of pK, the values for the two pyridinium groups in the nickel chelate
being 7*3 an^ 8.1 with the other chelate pK values being of this same magnitude.
These data may be interpreted as indicating for the cases of Cu (II) and Fe (III)
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chelates a "bond between the phenolic oxygen and the metal in question. For the Ni (II),

Mn (II) and Fe (II) chelates no such bonding occurs or at least so little as to affect

the pK of the pyridinium group only slightly. A possible structure would be XII for

these chelates while XIII and XIV could be proposed for the Cu (II) and Fe (ill) chelates

In non-aqueous media the reactions typical of amino acids and pyridoxal may occur

without presence of metal ions.

CH20H
N-H

CH2OH

H-N

CHpOH
HOCH2

XII

H2OH

XIV

Matsuo (31) has performed a transamination of a-amino-n -butyric acid with pyridoxal

in absolute ethanol to obtain the spectra of Figs. 3 and h.

Fig. 3

Spectra of Pyridoxal and Amino Acid

in Absolute Ethanol

Fig. h

Spectra of Pyridoxal and Amino Acid

in Alkaline Absolute Ethanol

250 300 350 Uoo U50

wave length mu.

-- pyridoxal hydrochloride (1.3 x

10
"4

M)

— pyridoxal hydrochloride and

a-amino-n-butyric acid (1.) x
10~4M) in abs. ethanol

250 300 350

wave length m|i

pyridoxal hydrochloride
—— pyridoxal hydrochloride and

a-amino-n-butyric acid.

Solvent 3.3 x 10~ 3M NaOH in

ethanol.

Similarly, spectra for the inverse reaction of a-keto butyric acid and pyridox-

amine were obtained which gave results identical to those of Fig. 4. From these

figures it can be deduced that protonated pyridoxal is unreactive toward Schiff base

formation in absolute ethanol but free pyridoxal reacts readily with amino acid in

ethanol. Also the reaction of pyridoxamine and a keto acid reaches the same equilibrium

position as that from pyridoxal and amino acid, as judged from the spectra.
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In obtaining evidence for transamination in absolute ethanol it was necessary to
use pyridoxamine and a-ketobutyric acid in sodium hydroxide because of the reaction of
pyridoxal hydrochloride with ethanol. Table III shows the effect of ethanol on pro-
tonated pyridoxal.

Table III
Reaction of Pyridoxal with Ethanol (31)

Time in Hours Optical Density at 390 mu
-JT) — W

o o. 150 0. 150
2 0. ikh 0. 151
3 0. 125 0, 1^2

8. 5 0. io4 0. 138

(l), No addition of base, 3.1 x 10~ 3 M pyridoxal in ethanol; (2), Addition of 10~ 2

MNaOH.

The simplest explanation seems to be that the protonated form of pyridoxal forms an
acetal vith its own hydroxymethyl group and a mole of alcohol. It is not probable that
an electronic effect is responsible for the lack of reactivity of protonated pyridoxal.
It is possible to visualize two species other than an acetal in acidic ethanol, XV and
XVI, both of which would be expected to react with any amino compound present.

HOCHo 1
H° OH HOCHp P° 9

XV XVI

The concentration of pyridoxal formed in the reaction

pyridoxamine + a-ketobutyric acid -^T^ pyridoxal + CH-aminobutyric acid

was determined at various times by means of its absorption at 390 m\x. This band shows
that pyridoxal was formed and provides evidence for the transamination in anhydrous
media without catalysis by metal ions.

In summary it is possible to say that the role of Schiff bases in the reactions
of pyridoxal and amino acids is well established. They arise in aqueous solution from
reaction of pyridoxal and an amino acid or from pyridoxamine and a keto acid. In
either case the intermediate is chelated to a multipositive metal ion which is necessary
for transamination to take place (Matsuo indicates that no reaction occurs with pyridoxal
and a-aminobutyric acid in neutral buffer in absence of metal ion (3l))» In non-
aqueous media no metal is needed for transamination. Presumably the use of an anhydrous
medium gives a greater concentration of Schiff base than in aqueous medium because of
Le Chatlier's principle. Tautomerism and decomposition to the products then proceed.

It is not possible from present data to decide conclusively whether the effect of
metal ions is a rate or equilibrium factor. One intimation in the direction of
resolving this question is the work of Fleming and Crosbie (32). Alanine and pyruvic
acid exchange labeled carbon atoms in a mixture in which the labeled amino acid,
pyruvic acid ratio is 1:5- At equilibrium after 2k hrs. the keto acid contained 77$
of total 14

C. This would seem to indicate that the effect of metal ions is a pure
rate phenomenon. Further experiments may bear this out.
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